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Volatiles in the Earth and Moon: Constraints on planetary formation and evolution 
 
Abstract 
The volatile inventories of the Earth and Moon reflect unique histories of volatile 
acquisition and loss in the early Solar System. The terrestrial volatile inventory was 
established after the giant impact phase of accretion, and the planet subsequently settled 
into a regime of long-term volatile exchange between the mantle and surface reservoirs in 
association with plate tectonics. Therefore, volatiles in the Earth and Moon shed light on 
a diverse array of processes that shaped planetary bodies in the Solar System as they 
evolved to their present-day states. 
Here we investigate new constraints on volatile depletion in the early Solar 
System, early outgassing of the terrestrial mantle, and the long-term evolution of the deep 
Earth volatile budget. We develop a Monte Carlo model of long-term water exchange 
between the mantle and surface reservoirs. Previous estimates of the deep Earth return 
flux of water are up to an order of magnitude too large, and incorporation of recycled 
slabs on average rehydrates the upper mantle but dehydrates the plume source.  
We find evidence for heterogeneous recycling of atmospheric argon and xenon 
into the upper mantle from noble gases in Southwest Indian Ridge basalts. Xenon isotope 
systematics indicate that xenon budgets of mid-ocean ridge and plume-related mantle 
sources are dominated by recycled atmospheric xenon, though the two sources have 
experienced different degrees of degassing. Differences between the mid-ocean ridge and 
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plume sources were initiated within the first 100 million years of Earth history, and the 
two sources have never subsequently been homogenized. New high-precision xenon 
isotopic data contribute to an emerging portrait of two mantle reservoirs with distinct 
histories of outgassing and incorporation of recycled material in association with plate 
tectonics. 
Xenon isotopes indicate that the Moon likely formed within ~70 million years of 
the start of the Solar System. To further investigate early Solar System chronology, we 
determined strontium isotopic compositions in a suite of planetary materials. If the Moon 
is derived from proto-Earth material, then rubidium-strontium systematics in the lunar 
anorthosite 60025 and Moore County plagioclase indicate that Moon formation occurred 
within ~62 million years of the start of the Solar System. 
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Chapter 1: Volatiles in the Earth and Moon 
 
1.1 INTRODUCTION 
The volatile inventories of the Earth and Moon reflect unique histories of volatile 
acquisition and loss during accretion and early processing. Early elemental fractionation 
based on volatility reflects some combination of incomplete condensation in the cooling 
solar nebula (Humayun and Clayton, 1995) and partial mass ejection due to energetic 
collisions in the proto-planetary disk. In the late stages of accretion, giant impacts may 
drive partial or total loss of early planetary atmospheres (Genda and Abe, 2005; Stewart 
et al., 2014; Tucker and Mukhopadhyay, 2014). Thus, further volatility-based 
fractionation occurs as elements partition between planetary interiors and transient 
surface reservoirs. The Moon-forming giant impact initiated the last catastrophic 
outgassing and mass ejection event on the early Earth. The terrestrial volatile inventory 
was established soon after the last giant impact, as late accretion of volatiles was limited 
(Halliday, 2013; Tucker and Mukhopadhyay, 2014). The planet subsequently settled into 
a regime of long-term exchange of volatiles between the mantle and exosphere 
(atmosphere, oceans and crust) in association with plate tectonics. Therefore, volatile 
chemistry in the Earth and Moon records information about a diverse array of processes 
that shaped planetary bodies in the Solar System as they evolved to their present-day 
states. 
Here we explore new noble gas and rubidium-strontium isotopic constraints on 
volatile depletion in the early Solar System, early outgassing of the terrestrial mantle, and 
the long-term evolution of the deep Earth volatile budget. We begin by investigating 
 2
constraints on long-term volatile exchange between the mantle and surface reservoirs. We 
then work backwards in time and outwards in scope to examine the nature of terrestrial 
mantle reservoirs, constraints on early mantle outgassing, and ultimately volatile 
accretion and loss during planet formation. 
Volatility describes the partitioning of an element between gas and condensed 
phases as a function of temperature. In the context of the early solar nebula, volatility is 
discussed in terms of equilibrium condensation temperatures at solar nebular pressures 
(e.g., Wasson, 1985). It should be noted that the volatility of a given element depends 
strongly on physical context: for example, pressure and speciation both affect the 
volatility of different elements. Elements with nebular equilibrium condensation 
temperatures below ~640 K are referred to as highly volatile; these include the noble 
gases (He, Ne, Ar, Kr and Xe), halogens (F, Cl, Br, I) and the chief elemental 
constituents of life on Earth (H, C, N, O). Moderately volatile elements condense from 
the solar nebula between ~640-1230 K and include the alkali metals Na, K and Rb. 
Elements that condense above ~1230 K are relatively refractory; these include Sr, Th, U 
and Pu. In the noble gas chapters of this work (Chapters 3 and 4), we examine a variety 
of processes that fractionate radioactive parent nuclides from their volatile, atmophile 
daughter decay products: refractory-volatile systems (235,238U-232Th-4He; 238U-Xe, 244Pu-
Xe), a moderately volatile-volatile system (40K-40Ar) and a volatile-volatile system (129I-
129Xe). In the fifth chapter, we explore a system with a moderately volatile parent and 
refractory daughter (87Rb-87Sr). Below we give a brief synopsis of the next four chapters. 
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1.2 How large is the subducted water flux? New constraints on mantle regassing 
rates 
Water is outgassed from the Earth’s mantle in association with volcanic activity, 
and input to the mantle via hydrous minerals carried within subducting slabs. Any 
sustained imbalances between water input and output will generate variations in how 
Earth’s water is distributed between the exosphere and the mantle. Long-term variations 
in mantle water contents have dramatic effects on mantle rheology and melting, and a 
return flux of exospheric water to the deep interior may control cycling of other volatiles, 
such as the noble gases. Therefore, a quantitative assessment of the deep Earth water 
cycle is critical to our understanding of mantle structure, dynamics and the broader 
evolution of the deep Earth volatile budget. However, estimates of the magnitude of 
water input to mantle via hydrous minerals in subducting slabs are very poorly 
constrained, leading to significant uncertainties in the exchange of water between the 
deep Earth and exosphere. 
To address this issue, we developed a Monte Carlo simulation of the mantle-
exosphere water cycle. Based on estimates of magmatic production rates, mantle source 
water contents and constraints on long-term sea level change, we were able to set 
constraints on the long-term (~500 million year) average input flux of water carried in 
subducting slabs, as well as the average return flux of water beyond depths of magma 
generation at arc settings. We found that previous estimates of the deep Earth return flux 
were up to an order of magnitude too large, and that incorporation of recycled slabs 
would on average rehydrate the upper mantle, but dehydrate the plume source (Parai and 
Mukhopadhyay, 2012).  
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1.3 Heterogeneous upper mantle Ne, Ar and Xe isotopic compositions and a possible 
Dupal noble gas signature recorded in basalts from the Southwest Indian Ridge 
Noble gases are unique tracers in that they are inert and thus unaffected by 
chemical reactions. Particular noble gas isotopes are produced by radioactive decay and 
fission of species with a diverse range of half-lives (Table 1.1; for example, 129I decays 
with a half-life of 15.7 Myr to produce 129Xe; on the other extreme, 232Th undergoes 
alpha decay to produce 4He with a half-life of 14 Gyr). As a result, the abundances and 
isotopic compositions of noble gases in mantle-derived samples provide information 
about planetary ingassing and outgassing on a variety of timescales of cosmochemical 
and geochemical interest.  
We measured CO2, He, Ne, Ar and Xe abundances and Ne, Ar and Xe isotopic 
compositions with high precision in a suite of basalt glasses from the Southwest Indian 
Ridge between 7-25°E. Measured values were corrected for syn- to post-eruptive 
atmospheric contamination to give mantle source noble gas isotopic compositions. In the 
region of the study area removed from the influence of hotspots, we found large 
variations in mantle source Ar and Xe isotopic composition, representing ~70-80% of the 
total observed mantle variations in Ar and Xe, associated with very limited variation in 
He and Ne isotopic composition. Our results are most consistent with the heterogeneous 
incorporation of material carrying atmospheric Ar and Xe into the mantle source 
supplying the Southwest Indian Ridge, and provide direct evidence that subduction is not 
an efficient barrier to the recycling of atmospheric Ar and Xe (Parai et al., 2012). 
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1.4 Constraints from I-Pu-U-Xe systematics on the nature of mantle reservoirs, 
planetary volatile evolution and the timing of the Moon-forming giant impact 
We continue our study of planetary outgassing and regassing with high-precision 
measurements of the fission isotopes of Xe in basalts from the Southwest Indian Ridge 
between 16 and 25°E. The present-day Xe inventory of the SWIR mantle source 
represents a mixture of primordial mantle Xe, recycled atmospheric Xe, 129Xe produced 
by decay of short-lived 129I, and Xe produced by the fission of extinct 244Pu and of extant 
238U. Fission Xe isotope systematics evident in SWIR basalts and other mantle-derived 
samples (Mukhopadhyay, 2012; Pető et al., 2013; Tucker et al., 2012) provide new 
insights into the integrated history of mantle source degassing and regassing. We find 
further evidence for the recycling of atmospheric Xe into the mantle, in that recycled 
atmospheric Xe dominates the Xe inventories of the SWIR Western and Eastern 
Orthogonal Supersegment mantle sources (~80-90% of 132Xe is recycled in origin). Our 
results are consistent with recent studies of fission Xe in Equatorial Atlantic MORBs 
(Tucker et al., 2012) plume-influenced basalts from Iceland (Mukhopadhyay, 2012) and 
the Rochambeau Rift (Pető et al., 2013). We note that depleted lithophile isotopic 
compositions in mantle sources with primitive He and Ne do not indicate a non-
chondritic bulk silicate Earth; rather, the prevalence of recycled atmospheric Xe in 
mantle sources likely reflects incorporation of depleted recycled material into even 
mantle sources. 
 Although significant recycling of atmospheric heavy noble gases has occurred 
over Earth history, the Xe isotopic compositions of mantle sources have not been entirely 
overprinted by recycling, and preserve a record of very early differentiation of the plume 
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source and the upper mantle. We find that preferential regassing of atmospheric Xe 
cannot explain the systematics observed in MORB and plume source Xe isotopes and that 
instead, differences in the delivery and retention of volatiles in the two mantle sources 
must have been established early in Earth history (before 4.45 Ga based on 129Xe 
systematics; Chapter 3; Chapter 4; Mukhopadhyay, 2012; Tucker et al., 2012; Parai et al., 
2012; Pető et al., 2013). Accordingly, the two reservoirs cannot have been completely 
homogenized by 4.45 Gyr of mantle convection.  
We also find differences in the extent of degassing of the MORB and plume 
sources. MORB sources are consistently characterized by a lower fraction of fission Xe 
derived from Pu-fission, indicating a greater extent of degassing relative to the plume 
source. To further investigate constraints from fission Xe systematics on both early and 
long-term degassing of the upper mantle, we develop a parameterized two-stage model of 
MORB source degassing. Based on our determinations of the ratio of radiogenic 129Xe* 
to Pu-fission 136XePu in MORB sources, we compute a classical closure age range of 44-
70 Myr for the last giant impact. Our model results indicate that for late tLGI (>80 Myr), 
our model cannot simultaneously satisfy 68% confidence limits for 129Xe*/136XePu and 
136XePu/(136XePu+136XeU) in the MORB mantle without invoking partial retention of Xe 
prior to the last giant impact. Further investigation of early retention of Xe during planet 
formation is needed to better constrain the timing of the Moon-forming giant impact.  
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1.5 Strontium isotopic constraints on early Solar System chronology and the history 
of planetary volatile depletion 
The long-lived radioactive 87Rb-87Sr system provides a powerful chronometer for 
volatile depletion in the early Solar System. We present a new suite of high-precision 
87Sr/86Sr determinations for lunar anorthosite 60025, Moore County plagioclase, the 
eucrite Juvinas and the angrite D’Orbigny. We compute initial 87Sr/86Sr ratios for lunar 
anorthosite 60025, Juvinas and Moore County plagioclase and place these in context of a 
normalized compilation of initial 87Sr/86Sr data from the literature. Careful normalization 
of literature data resolves some discrepancies among different studies; however, in many 
cases, we find that inter-laboratory differences persist. We are able to reproduce previous 
determinations of the initial 87Sr/86Sr in the eucrite Juvinas (Allegre et al., 1975; 
Papanastassiou and Wasserburg, 1969) with an order of magnitude improvement in 
precision. However, our results are not in agreement with a recent determination of initial 
87Sr/86Sr in eucrites (Hans et al., 2013). These discrepancies may reflect artifacts related 
to fractionation that occurs during thermal ionization mass spectrometric analysis, or may 
be related to heterogeneous resetting of the Rb-Sr system in brecciated eucrites.  
Constraints on the timing of Moon formation inform our understanding of Earth’s 
accretion, segregation of the metallic core, silicate differentiation, early mantle 
outgassing and formation of the atmosphere. We explore models of volatile depletion in 
the early Solar System that may explain the observed Sr isotopic systematics in the lunar 
anorthosite 60025 and Moore County plagioclase. If the Moon is derived from proto-
Earth material, then lunar precursor material evolved with Earth-like Rb/Sr until the time 
of Moon formation. If the bulk lunar Rb/Sr determined today is the result of fractionation 
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that occurred in the aftermath of the Moon-forming giant impact, then the Moon formed 
prior to ~62 Myr.  
 
1.6 CONCLUSIONS 
In this thesis, we examine long-term volatile exchange between the deep Earth 
and the atmosphere based on mass balance constraints on the deep Earth water cycle. 
Based on high-precision measurements of noble gas (He, Ne, Ar and Xe) abundances and 
isotopic compositions in mantle-derived rocks, we explore constraints on regassing and 
degassing of the Earth’s interior, Earth’s accretion and the nature of MORB and plume 
mantle sources. Lastly, we use Rb-Sr systematics determined in a suite of planetary 
materials to investigate volatile depletion in the early Solar System and the time of Moon 
formation. 
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Chapter 2: How large is the subducted water flux? New constraints on 
mantle regassing rates 
[Parai, R., Mukhopadhyay, S., 2012. How large is the subducted water flux? New 
constraints on mantle regassing rates. Earth and Planetary Science Letters 317, 
396-406, doi: 10.1016/j.epsl.2011.11.024.] 
 
ABSTRACT 
Estimates of the subducted water (H2O) flux have been used to discuss the 
regassing of the mantle over Earth history. However, these estimates vary widely, and 
some are large enough to have reduced the volume of water in the global ocean by a 
factor of two over the Phanerozoic. In light of uncertainties in the hydration state of 
subducting slabs, magma production rates and mantle source water contents, we use a 
Monte Carlo simulation to set limits on long-term global water cycling and the return flux 
of water to the deep Earth. Estimates of magma production rates and water contents in 
primary magmas generated at ocean islands, mid-ocean ridges, arcs and back-arcs are 
paired with estimates of water entering trenches via subducting oceanic slab in order to 
construct a model of the deep Earth water cycle. The simulation is constrained by 
reconstructions of Phanerozoic sea level change, which suggest that ocean volume is near 
steady-state, though a sea level decrease of up to 360 meters may be supported. We 
provide limits on the return flux of water to the deep Earth over the Phanerozoic 
corresponding to a near steady-state exosphere (0–100 meters sea level decrease) and a 
maximum sea level decrease of 360 meters. For the near steady-state exosphere, the 
return flux is 4.0 3.00.24.1
   1013 moles/yr, corresponding to 2–3% serpentinization in 10 
 11
km of lithospheric mantle. The return flux that generates the maximum sea level decrease 
over the Phanerozoic is 4.0 3.05.3
   1013 moles/yr, corresponding to 5% serpentinization in 
10 km of lithospheric mantle. Our estimates of the return flux of water to the mantle are 
up to 7 times lower than previously suggested. The imbalance between our estimates of 
the return flux and mantle output flux leads to a rate of increase in bulk mantle water 
content of up to 24 ppm/Gyr. 
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2.1. INTRODUCTION 
Exchange of water between the Earth’s interior and the exosphere (defined here as 
the atmosphere, ocean and crust) is critically dependent on water systematics at 
subduction zones. Water is outgassed from the mantle in association with volcanism at 
mid-ocean ridges, ocean islands, arcs and back-arc basins. Water is removed from the 
exosphere at subduction zones, carried as pore water and chemically-bound water in 
sediments, altered oceanic crust and serpentinized lithospheric mantle within the 
downgoing slab. At a given subduction zone, some amount of subducted water is released 
from the slab due to breakdown of hydrous minerals at high pressure and temperature; 
this slab-derived water flux drives melting in the mantle wedge and is ultimately 
outgassed to the exosphere via arc and back-arc volcanism. Any water retained within the 
subducting slab beyond depths of magma generation constitutes a return flux of water to 
the interior, often referred to as the post-arc subducted water flux (Figure 1.1). A 
quantitative assessment of the long-term water cycle is critical to our understanding of 
wide variety of solid Earth phenomena: the abundance and distribution of water in the 
Earth’s interior has dramatic effects on mantle melting (e.g. Inoue, 1994; Hirschmann, 
2006), rheology (e.g. Hirth and Kohlstedt, 1996; Mei and Kohlstedt, 2000; Karato and 
Jung, 2003), structure and style of convection (Crowley et al., 2011), and a return flux of 
exospheric water to the deep interior may affect cycling of other volatiles, such as the 
noble gases (Holland and Ballentine, 2006). Here we present new constraints on water 
exchange between the mantle and exosphere over the past 542 Myr. 
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Previous estimates of the deep Earth water return flux are based on calculations of 
the equilibrium stability of hydrous phases at subduction zone pressures and temperatures  
 
 
Figure 2.1 Schematic of global water fluxes considered between the mantle and 
exosphere. Water is outgassed from the mantle due to magmatism at ocean islands, mid-
ocean ridges, arcs and back-arcs (arrows 1-6). Water is removed from the exosphere at 
trenches. Some fraction of the trench input flux is directly outgassed via the arc and back-
arc system (arrows 3 and 5). The majority of arc and back-arc water output is thought to 
be slab-derived, but some portion is derived from water present in the ambient mantle 
wedge (arrows 4 and 6). Water retained past depths of magma generation constitutes a 
return flux of water to the deep Earth (arrow 7). The net flux between mantle and 
exosphere is determined by the difference between the return flux and mantle-derived 
output fluxes. 
 
(e.g., Schmidt and Poli, 1998, 2003; Rüpke et al., 2004; Hacker, 2008; van Keken et al., 
2011). Assuming an initial slab lithology and estimated pressure-temperature (P-T) 
conditions for a particular subduction zone, the water content of the equilibrium phase 
assemblage is determined as a function of depth. Thus, the amount of water retained in 
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the slab past depths of magma generation is estimated by tracking the breakdown of 
hydrous phases along a given P-T path of subduction. However, in order to obtain an 
estimate of the global return flux of water to the deep Earth, initial slab lithologies and P-
T profiles at individual subduction zones around the world must be established (Hacker, 
2008; van Keken et al., 2011). Thus, such estimates of the deep Earth water return flux 
are subject to significant uncertainty, particularly with respect to the serpentine content of 
the lithospheric mantle. While serpentinized lithospheric mantle could be generated by 
seawater infiltration along transform faults or deep faults (15-20 km) into the oceanic 
plate at the outer rise (Ranero et al., 2003; Ranero et al., 2005; Nedimović et al., 2009), 
the degree and spatial extent of serpentinization around the faults remain poorly 
constrained. 
Reasonable physical considerations can be used to establish upper limit or order-
of-magnitude constraints on the amount of water carried by serpentinized lithosphere in 
the subducting slab. Schmidt and Poli (1998) use buoyancy considerations to set an upper 
limit on the extent of lithospheric serpentinization: since serpentinite is less dense than 
unaltered peridotite, serpentinization lessens the negative buoyancy of the subducting 
slab. A 10 km thick section of lithosphere with average 10% serpentinization has a 
density of 3.15 g/cm3 (Schmidt and Poli, 1998); beyond this degree of serpentinization, 
slab descent becomes problematic. Alternately, Li and Lee (2006) use an approximation 
of the spatial distribution of faults and fractures in oceanic lithosphere and an estimated 
lateral extent of serpentinization around faults or fractures (based on the diffusivity of 
water in serpentinite) to compute an order-of-magnitude estimate of initial slab hydration 
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condition. However, order-of-magnitude estimates may represent the difference between 
removing an ocean’s worth of water from the exosphere in 5 Gyr vs. 500 Myr. 
We take an alternative approach to assess long-term cycling of water between the 
exosphere and the mantle. We use independent constraints on (a) mantle water output 
fluxes and (b) global sea level change over time to provide limits on the initial slab water 
input flux, as well as the return flux of water to the deep mantle. A statistical (Monte 
Carlo) approach is used to efficiently search the parameter space (which is based on 
literature estimates of water input at subduction zones and output at ocean islands, mid-
ocean ridges, arcs and back-arcs) for water cycling scenarios that best satisfy constraints 
on Phanerozoic sea level change. We do not track the breakdown of hydrous phases or 
make assumptions regarding whether the water return flux circulates within the upper 
mantle or is injected into the lower mantle. Rather, we focus on establishing limits on the 
magnitudes of global fluxes across the mantle-exosphere boundary to provide key 
constraints on the following questions: 
(1) How much water is subducted into the mantle at trenches? 
(2) What fraction of the water subducted into the mantle is recycled past the arcs 
into the deep Earth?  
 
2.2. MODEL 
Figure 2.1 shows the fluxes considered in our model of the global water cycle. 
Based on literature estimates, we define upper and lower limits for ten model parameters 
(Table 2.1). Total magmatic water output fluxes are computed by coupling literature 
estimates of magma production rate to primary magmatic water contents at each tectonic  
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Table 2.1: Water cycle model parameter space 
* Full compilation of measured magmatic water contents by tectonic setting in 
supplement: Table A2.1. The compilation shows that measured values fill in the ranges 
listed above. 
 
setting. Input fluxes at trenches are drawn from literature estimates of the amount of 
chemically-bound water carried in subducting slabs, and a Monte Carlo technique is used 
to explore the entire parameter space. A successful run meets two criteria: (1) the global 
slab-derived arc and back-arc water output does not exceed the global water input at 
trenches; and (2) the imbalance between mantle input and output fluxes is consistent with 
reconstructions of Phanerozoic sea level change. 
 
2.2.1 Defining the model parameter space 
Mantle output fluxes are quantified based on magma production rates (Table 2.1) 
and the range of measured magmatic water contents at individual tectonic settings (Table 
2.1; see the full compilation in supplementary Table A2.1). We assume that over the 
Phanerozoic, secular variation in mid-ocean ridge magma production rates has not 
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exceeded 20% of present day rates (Table 2.1). There is no evidence for secular change in 
seafloor spreading rates over the past 180 Myr (Parsons, 1982; Rowley, 2002), and our 
assumption is further supported by studies indicating limited change in mantle potential 
temperature of ~50-100 K per Gyr (Abbott et al., 1994; Vlaar et al., 1994; Labrosse and 
Jaupart, 2007), as well as geodynamic models indicating a change in heat flow of only 
~10% in the past Gyr (van Keken et al., 2001). We double the upper limit OIB magma 
production rate of Crisp (1984) in order to capture possible elevated long-term mean 
production rates associated with flood basalt volcanism. 
The trench water input flux is carried as pore water and chemically-bound water 
in sediments, altered oceanic crust and, potentially, serpentinized lithospheric mantle. 
Pore water is thought to be entirely expelled from the slab at shallow levels and returned 
to the exosphere (Jarrard, 2003) and so we do not discuss it further. A summary of 
literature estimates of the chemically-bound water flux into trenches is given in Table 
2.2. We note that most of the flux magnitudes are in broad agreement, with the exception 
of Schmidt and Poli (1998), who estimate an altered igneous crust lower limit flux that by 
itself exceeds some of the other total bound water flux estimates. The bulk of the Schmidt 
and Poli (1998) altered igneous flux is carried by 3.5 km of water-saturated basalt, which 
may be considered as a carrying capacity. Total estimates of the chemically-bound water 
flux into trenches vary from 4.1 to 16  1013 moles/yr.  
 
2.2.2 Model setup 
 A single Monte Carlo realization of the global water cycle draws a random value 
from the allowed range to represent the global mean for each of the ten model  
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Table 2.2: Trench input fluxes 
 
*Schmidt and Poli (1998) model the slab as 200-400 m sediment, 3.5 km of H2O-
saturated basalt, 3.5 km of hydrated gabbro (20-30% hydration by volume) and 5 km of 
5-20% serpentinized mantle. Assuming 2.7 km2 of convergence per year (Rüpke et al., 
2004; Hacker, 2008), this corresponds to a total H2O flux of 12-18 x 1013 moles/yr. 
However, Schmidt and Poli (1998) report a total flux into trenches at 20 km of 11-16 x 
1013 moles/yr moles per year, ~10% lower than the numbers discussed above, possibly 
reflecting shallow dehydration reactions. We use their preferred total input at 20 km to 
constrain our trench input flux parameter, and scale the fluxes of sediment, altered crust 
and serpentinite down to reflect the smaller flux in Figure 2.4. 
  
parameters: magma production rate at ocean islands, mid-ocean ridges, and arcs; 
proportion of N-MORB out of total MORB production; primary magmatic water content 
in ocean island basalt, N-MORB, E-MORB, arc basalt and back-arc basin basalt; and 
lastly, trench water input flux. Since back-arc spreading occurs at rates comparable to 
mid-ocean ridge spreading, the back-arc production rate is computed by scaling the 
selected MORB production rate by the present-day ratio of back-arc to mid-ocean ridge 
length (~10%, Baker and German, 2004). Mantle water output fluxes are computed by 
multiplying magmatic water content by magma production rate at each tectonic setting, 
assuming a density of 2.9 g/cm3 for OIB, MORB and back-arc production, and 2.8 g/cm3 
for arcs (Plank, 2005). The total water flux into the trench is drawn from literature 
estimates for initial chemically-bound water content in the subducting slab, and the 
fraction of trench input flux that is returned to the exosphere is determined from H2O-Ti 
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systematics in arc and back-arc basalts (Section 2.2.3.1). Thus, all fluxes across the 
mantle-exosphere boundary are specified (Figure 2.1). The mantle return flux is the 
difference between the trench input flux and the slab-derived arc and back-arc water 
fluxes. Finally, the net flux across the mantle-exosphere boundary is defined as the 
difference between the mantle output flux and return flux. 
 
2.2.3 Model constraints  
For a given Monte Carlo realization to be classified as a success, the two criteria 
discussed below must be satisfied: 
 
2.2.3.1 Model success criterion 1:  The global slab-derived arc and back-arc water 
output must not exceed the global water input at trenches 
The combined arc and back-arc magmatic water output flux is derived from two 
sources: slab fluids released by dehydration reactions, and ambient water in the mantle 
wedge (Figure 2.1). For a given realization, the slab-derived fractions of arc and back-arc 
output fluxes cannot exceed the trench input flux: i.e., water cannot be created at arcs. 
This first success criterion requires a method to estimate the fraction of arc and back-arc 
water output that derives from the slab. The fraction of the arc water flux derived from 
the slab fluid, fslab, is: 
      arcO2H emantlewedg
O2HarcO2H
emantlewedgf1slabf


 
  Eq. 2.1 
where fmantlewedge is the fraction of arc water derived from the mantle wedge, (H2O)arc is 
the primary magmatic water content of arc magmas, and (H2O)mantlewedge is the amount of 
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water in the arc magma that is derived from the mantle wedge. The expressions for back-
arc water are analogous. Given (H2O)arc or (H2O)back-arc, if (H2O)mantlewedge can be 
determined, then fslab can be calculated. 
We use water-titanium (H2O-Ti) systematics observed in a global compilation of 
arc and back-arc basalts to calculate H2Omantlewedge and thereby estimate the slab-derived 
component of arc and back-arc water output fluxes in the simulations. Ti is a relatively 
fluid-immobile element and is not expected to migrate with fluids released due to slab 
dehydration (Ryerson and Watson, 1987; Kelley et al., 2006, 2010). Thus, Ti in arc and 
back-arc magmas should be derived primarily from the ambient mantle wedge. Previous 
work has established that magmatic Ti concentrations are controlled by the degree of 
partial melting (F) and the Ti concentration in the mantle source (Stolper and Newman, 
1994; Lee et al., 2005; Kelley et al., 2006, 2010).  
Figure 2.2 shows primary magmatic H2O vs. TiO2 in a global compilation of arc 
and back-arc data. A broad negative correlation between H2O and TiO2 is evident in the 
global arc and back-arc data set, though least-squares regression yields distinct slopes for 
the arc data (slope = -0.079, R = 0.77) and back-arc data (slope = -0.29, R = 0.81). At a 
given magmatic H2O content, the observed ~15–25% scatter in magmatic TiO2 content is 
likely due to variations in source Ti concentration and the potential temperature of the 
mantle wedge. However, the broad negative trend in the global data set is consistent with 
the hypothesis that higher H2O contents lead to a higher degree of the melting and thus a 
lower magmatic TiO2 content, supporting the use of Ti as a proxy for the degree of 
melting at arc and back-arc environments (Stolper and Newman, 1994; Lee et al., 2005; 
Kelley et al., 2006, 2010).  
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Figure 2.2 H2O-TiO2 systematics in (panel a) a global compilation of arc melt 
inclusion data and back-arc glass data. Panel (b) shows the back-arc data in detail 
(Langmuir et al., 2006, and references therein). Arc melt inclusion data are corrected 
for fractional crystallization (corrected for post-entrapment crystallization, screened 
for MgO>6 wt%, and brought into equilibrium with Fo90 mantle through olivine 
addition). Back-arc data were compiled and corrected for hydrous fractional 
crystallization to 8 wt% MgO by Langmuir et al., (2006). We selected samples with 
“plag-in” MgO values ≤ 8 wt% and adjusted the reported H8.0 and Ti8.0 values of 
Langmuir et al. (2006) by olivine addition to equilibrium with Fo90 mantle (assuming 
Fe3+/ΣFe = 0.15). Least squares regression with bi-square weights to minimize the 
influence of outliers (robust regression) yields distinct fits for the arc (y = -0.079x + 
0.96, R = 0.77) and back-arc data (y = -0.29x + 1.29, R = 0.81). There is significant 
scatter in the global compilation, which probably reflects source Ti heterogeneity as 
well as variation in subduction zone thermal profiles from arc to arc. We simulate the 
observed scatter by adding ±25% random variation to the calculated TiO2 for a given 
magmatic H2O content (shaded regions; ±20% for back-arcs). 
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While in detail, each arc and back-arc environment is likely to have a slightly 
different relationship between H2O and TiO2 contents, we use the broad correlation in the 
global data set to model the relationship between arc magmatic H2O content and degree 
of melting. We note that the mantle wedge beneath arcs may be heterogeneous and/or 
depleted with respect to average MORB mantle (e.g., Kelley et al., 2010). To model this, 
the global average mantle wedge source concentrations of H2O and Ti are allowed to co-
vary between 43 and 320 ppm H2O (such that 10% melting will produce magmatic H2O 
contents between the most depleted N-MORB and a slightly-enriched MORB magmatic 
H2O content) and 500 and 1200 ppm Ti (Kelley et al., 2006). The fraction of arc (or back-
arc) H2O output derived from the slab is computed for each realization as follows: once 
the arc primary magmatic H2O content has been randomly selected, TiO2 content in the 
primary magma is calculated using the best fit slopes for arc H2O vs. TiO2, and a ±25% 
random variation is added to the calculated Ti concentration (±20% for the back-arc) to 
simulate the scatter observed in the global data set (Figure 2.2). Mantle wedge H2O and 
Ti concentrations are then drawn from the ranges specified above, and using the batch 
melting equation and DTi between 0.04 and 0.10 (Kelley et al., 2006 and references 
therein), we solve for the degree of melting, F. Since we explore a very large parameter 
space in DTi and source Ti concentrations, some realizations yield non-physical values of 
F and are excluded. Non-physical F values indicate that certain combinations of DTi and 
source Ti concentration, such as high DTi and low source Ti concentrations, cannot 
characterize a real system (also see Kelley et al., 2006). 
Once F for a given realization is determined, we use the mantle wedge source 
H2O concentration and DH2O between 0.007 and 0.012 (Aubaud et al., 2004; Hauri et al., 
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2006; Kelley et al., 2006) to calculate the amount of magmatic water derived from the 
mantle wedge, (H2O)mantlewedge. The fraction of arc water that is derived from the slab is 
thus determined (Equation 1). The same calculation is carried out for back-arcs. The first 
criterion for success is now tested: if the combined arc and back-arc water demand on the 
slab exceeds the trench water input flux, then the model realization constitutes a Failure 1 
scenario.  
 
2.2.3.2 Model success criterion 2: Net flux must satisfy constraints on Phanerozoic sea 
level change 
We assume that the net flux between the mantle and exosphere is accommodated 
by the ocean, since it is the dominant exospheric reservoir and hydration of subducting 
slabs draws water directly from the ocean. Therefore, a long-term sustained imbalance 
between water supplied to the exosphere by volcanism and water subducted back into the 
mantle would generate secular global, or eustatic, change in sea level. However, eustatic 
sea level change may also arise from variation in the volume of the ocean basin, 
attributed to ~100 Myr-timescale plate tectonic processes such as changes in mid-ocean 
ridge spreading rates and super-continent cycles (tectonoeustasy; e.g. Hays and Pitman, 
1973; Schubert and Reymer, 1985), as well as from oscillations in the volume of 
continental ice sheets on timescales of tens of ka to several Myr (glacioeustasy; e.g. 
Miller et al., 1991; Zachos et al., 2001; Miller et al., 2005). Furthermore, variations in 
dynamic topography in response to mantle convection may both contribute to ocean basin 
volume changes, as well as affect local measurements of sea level by vertically displacing 
the continental platforms on which sediments are deposited (e.g. Moucha et al., 2008, 
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Müller et al., 2008; Conrad and Husson, 2009). Thus, the sedimentary record of long-
term sea level reflects a combination of dynamic effects, changes in the volume of the 
ocean basin, and changes in the volume of water in the oceans.  
Continental freeboard studies indicate that sea level has varied by approximately 
500 m since the end of the Archean (Wise, 1974, Windley 1977; Galer 1991; Kasting and 
Holm, 1992). However, detailed eustatic sea level reconstructions are only available for 
the Phanerozoic Eon (e.g., Vail et al., 1977; Hardenbol et al., 1981; Hallam, 1984; Haq et 
al., 1987; Hallam, 1992; Haq and Schutter, 2008; Figure 2.3). Therefore, we limit our 
simulation of the water cycle to the Phanerozoic, although we will discuss some 
implications of our results for water cycling into deep time. The amount of secular 
eustatic sea level change that may have occurred over the Phanerozoic is estimated by 
linear regression on the available reconstructions.  
Based on the spatial distribution of marine sedimentary facies on continents, 
Hallam (1984) generates a sea level curve by assuming that present-day continental 
hypsometry is representative of the entire Phanerozoic. Hallam’s sea level curve yields 
360 m of secular decrease over 542 Myr (Figure 2.3a). Rüpke et al. (2004) adopted ~500 
m as the net decrease in Phanerozoic sea level based on Hallam (1984). However, 500 m 
represents the peak-to-trough variation associated with oscillations in sea level, rather 
than the magnitude of secular decrease. Furthermore, Algeo and Wilkinson (1991) 
pointed out that continental hypsometry in the Phanerozoic has not been constant over 
time, as the continents were widely dispersed during the early Paleozoic. Accordingly, 
Hallam (1992) reduced the magnitude of the Paleozoic high stand from +600 m to +400 
m relative to present-day sea level (Figure 2.3b). This modification would reduce the  
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Figure 2.3. Reconstructions of Phanerozoic sea level. The magnitude of secular variation 
that may have occurred is determined by linear regression. (a) Hallam (1984) gives 
absolute estimates of sea level based on the spatial distribution of marine sedimentary 
facies on continents, assuming present-day continental hypsometry represents the entire 
Phanerozoic. Linear regression yields a secular decrease of 360 m over 542 Myr. (b) 
Hallam (1992) revised his estimated Paleozoic high stand from 600 m to 400 m above 
present-day, as continental hypsometry likely changed over time and continents were 
widely dispersed during the early Paleozoic (Algeo and Wilkinson, 1991). We apply a 
linear scaling to the Paleozoic portion of Hallam (1984)’s curve to reflect the revision, 
and find a decrease in sea level of 230 m over 542 Myr. The ~500 m secular decrease in 
sea level inferred from Hallam’s curve by Rüpke et al. (2004) overestimates the secular 
change that can be supported by the reconstruction. (c) Vail et al. (1977) give relative 
estimates of eustatic sea level over the Phanerozoic. Linear regression yields a secular 
decrease equivalent to 7.8% of the total amplitude. (d) Haq et al. (1987) and Haq and 
Schutter (2008) give absolute estimates of sea level, yielding a secular increase in sea 
level of 35 m over the Phanerozoic. All reconstructions argue for limited long-term 
secular variation in sea level. 
 
 26
secular trend to yield ~230 m of sea level decrease (Figure 2.3b). Therefore, we suggest 
that Rüpke et al.’s (2004) 500 m overestimates Phanerozoic sea level decrease. While 
Hallam’s reconstruction can support an upper limit of 360 m of sea level decrease 
(Hallam, 1984), 230 m of secular decrease appears to be more realistic (Hallam, 1992). 
Hallam’s reconstructions generate the largest secular eustatic sea level decrease 
out of all available studies. Reconstructions based on seismic reflection data on maritime 
depositional sequences by Vail et al. (1977), Haq et al. (1987) and Haq and Schutter 
(2008) show more limited variations (Figure 2.3). While Vail et al. (1977) provide only 
relative eustatic variations in sea level over time (Figure 2.3c), Haq et al. (1987) and Haq 
and Schutter (2008) give absolute variations in sea level with peak-to-trough variations of 
~250 m (Figure 2.3d). Linear regression yields a secular decrease in sea level equal to 
7.8% of the total amplitude for Vail et al. (1977), and a secular increase in sea level of 35 
m over the Phanerozoic for Haq et al. (1987) and Haq and Schutter (2008). We note that 
if the total amplitude of sea level variability is taken as 400 m, then Vail et al. (1977) 
yields ~30 m of sea level decrease over the Phanerozoic, significantly less than the 230 m 
estimate based on Hallam (1992). 
While the above studies disagree on the precise timing and relative magnitude of 
specific transgressions and regressions, they share a number of common features. All 
studies agree in terms of overall shape: sea level rose throughout the Cambrian, broadly 
fell until ~200 Myr ago, rose and peaked ~100 Myr ago, and then fell to the present day 
level. The three sea level curves (Figure 2.3b-d) all indicate that secular change in sea 
level, if present, was limited (-230 m for the corrected Hallam curve, -30 m for the Vail 
curve, and +35 m for the Haq curve, yielding an average of ~ -100 m). Hence, we suggest 
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that the sedimentary record is most compatible with a secular decrease of 0–100 m for 
sea level over the Phanerozoic, which constitutes our preferred scenario (“near steady-
state ocean;” Section 2.5). We cannot rule out a secular increase in long-term sea level 
from the Phanerozoic record (Figure 2.3d); however, since we are interested in setting 
upper limits on mantle regassing, we will focus on secular sea level decrease. We note 
that there is no requirement for any portion of the observed sea level record to reflect a 
change in the water budget of the exosphere. For example, previous studies quantitatively 
ascribe the ~200 m amplitude of sea level change over the past ~60 Myrs to changes in 
ridge volume (Figure 2.3; Xu et al., 2006; Müller et al., 2008) dynamic topography 
(Moucha et al., 2008; Conrad and Husson, 2009) and ice volume (Harrison, 1990). 
However, if we assume for our simulation that the entire Phanerozoic secular trend 
reflects the water budget of the exosphere, we can set limits on the imbalance between 
mantle water input and output fluxes. To an extent, ridge volume and dynamic 
topography effects may obscure the magnitude, and potentially the sign, of a secular 
eustatic signal from changes in the exospheric water budget.  However, in order to mask 
a large net inward flux of water into the mantle, ridge volume must increase, or dynamic 
topography must raise sea level over time. Ridge volume is unlikely to have increased 
over the Phanerozoic as seafloor spreading rates should generally decrease over long 
timescales. Furthermore, the age distribution of the ocean floor has either been constant 
since ~200 Ma (Parsons, 1982; Rowley, 2002) or has increased over the past ~60 Myr 
(Xu et al., 2006). Dynamic topography is expected to produce sea level changes on order 
±100 m in association with a full Wilson cycle (Conrad and Husson, 2009). We therefore 
use the 360 m decrease of the original Hallam (1984) reconstruction in our model to 
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place an upper limit on the net inward water flux imbalance, despite the fact that it most 
likely overestimates the magnitude of secular Phanerozoic sea level change. An 
imbalance between mantle output and input may therefore be tolerated in our model, as 
long as the net inward flux does not exceed 2.1  1013 moles/yr, which is the flux 
required to reduce sea level by 360 m over 542 Myr (using present-day hypsometry; after 
Harrison, 1990). We also set a net outward flux limit at 1.9  1012 moles/yr, 
corresponding to a sea level increase of 35 m (Figure 2.3d). The second criterion for 
success can now be assessed: if the net flux is outside the sea level limits, then the 
realization is classified as a Failure 2 scenario. 
 
2.3. RESULTS 
 The Monte Carlo approach allows us to quantify the global water fluxes with 
associated 68% confidence intervals. A simulation of the global water cycle with 107 
model realizations was performed based on the input parameters given in Table 2.1. 
Repeat simulations were performed to ensure that the results had converged. A summary 
of model results is presented in Table 2.3. A striking aspect of the simulation is that 86% 
of the realizations resulted in failure, where one or both of the criteria were violated 
(Sections 2.2.2, 2.2.3). A parameter sensitivity test indicates that arc water output and 
trench water input exert primary control over the global water cycle, as these two fluxes 
are significantly larger than the MORB, OIB and back-arc fluxes (Table 2.3). The total 
mantle-derived water output flux is 4.0 3.04.1
  1013 moles/yr (Table 2.3). The outgassing 
flux of water at arcs is 3.2 4.12.3
  1013 moles/yr. While the mean arc output flux is a factor 
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of two higher than the estimate of 1.7  1013 moles/yr by Wallace (2005), the two 
estimates are consistent at the 68% confidence limit. 
 
 
 
 30
Figure 2.4 shows model success rate contoured across trench water input flux and arc 
magmatic water content parameter space. Contours indicate the fraction of successful 
realizations at the specified arc and trench values, given independent random variation in 
all other parameters, including arc magma production rate. We emphasize that the 
simulation does not directly provide information about which successful scenarios are 
most likely to reflect reality—the simulation only determines what regions of parameter 
space are allowed given the observational constraints. Thus, an area of arc-trench 
parameter space with low (but non-zero) success rates is not necessarily unrealistic, but it 
does require very specific tuning of the remaining parameters to satisfy observational 
constraints. The most striking aspect of Figure 2.4 is that approximately two-thirds of the 
arc-trench parameter space is devoid of successful realizations. The upper limit trench 
intake (Schmidt and Poli, 1998) results in zero successful realizations. The highest trench 
input flux with a success rate > 0.1% is 12 x 1013 moles/yr. The trench input flux 
estimates of Rüpke et al. (2004), Hacker (2008) and van Keken et al. (2011) result in 
maximum success rates of ~20, 40, and ~55% at global mean arc H2O contents of ~6.0, 
4.5 and 3.0 wt%, respectively. Success rate is maximized at low trench inputs and a 
global mean arc magmatic H2O of ~2 wt%: in this region of parameter space, the model 
is least sensitive to variations in the remaining parameters. Failure rates increase at high 
magmatic water contents as the simulation becomes sensitive to arc magma production 
rate. 
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To better understand model sensitivity to arc magma production rates, we ran 
simulations at three magma production rate intervals (Figure 2.5): low (1.1-3–5 km3 per 
year), medium (3.5–6.0 km3 per year) and high (6.0–8.6 km3 per year). At low magma 
production rates (Figure 2.5a), high success rates occur over arc magmatic H2O contents 
of 2–5 wt%, but success is limited to the very lowest trench inputs, and Failure 2 
dominates most of the space. Higher arc magma production rates (Figure 2.5b,c) enable 
success at higher trench inputs, but inhibit success at low trench inputs since resulting arc 
output fluxes are too high to be supported by the trench intake (Failure 1 in the upper left 
corners of Figure 2.5b,c). Figure 2.5 also illustrates why maximum model success rate in 
Figure 2.4 occurs near 2 wt% arc magmatic H2O and low trench input: this region of 
parameter space maintains moderate-to-high success rates over all three arc magma 
production intervals. 
 
 
Figure 2.5 Contour of model success rate for three different arc magmatic production intervals: 
(a) a “low” interval (1.1 to 3.5 km3 per year), (b) an “intermediate” interval (3.5 to 6.0 km3 per 
year), and (c) a “high” interval (6.0 to 8.6 km3 per year). Axes are the same as in Figure 2.4. 
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2.4. DISCUSSION  
We now explore the implications of our Monte Carlo simulation for water 
exchange between the mantle and exosphere. We discuss two water cycling scenarios 
over the past 542 Myr. The first, our preferred scenario based on the available data, is a 
near steady-state ocean where the return flux of water to the mantle generates between 0 
and 100 m of sea level decrease (Section 2.3.2 discusses the evidence supporting this 
scenario). In the second scenario, the mantle return flux generates the maximum-
supported sea level decrease of 360 m over 542 Myr. 
 
2.4.1 The hydration state of subducting slab 
 Total trench input fluxes are poorly estimated, as illustrated by the large number 
of failures for most of trench parameter space (Figure 2.4). However, estimates of the 
global trench input flux differ primarily due to varying estimates of the poorly-
constrained serpentinized lithospheric mantle water flux; that is, studies agree on the flux 
of water carried in sediments and altered igneous crust (~4  1013 moles/yr, Figure 2.4; 
Jarrard 2003; Rüpke et al. 2004; Hacker 2008; van Keken et al. 2011). The trench inputs 
in realizations that generate our preferred near steady-state ocean (0–100m sea level 
decrease) scenario and the maximum sea level scenario are 2.22.1 9.57.5
   1013 
moles/yr and 8.2 4.15.6

  1013 moles/yr, respectively (means and 68% confidence limits). 
Assuming that 4.0  1013 moles/yr are carried in sediments and altered igneous crust (see 
above), the trench input flux carried in serpentinized lithospheric mantle ranges from 
2.2
2.1 9.17.1
   1013 and 8.2 4.15.2   1013 moles/yr, corresponding to 4.38.1 9.27.2   % 
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and 3.4 1.28.3
 % serpentinization of 10 km of lithospheric mantle, respectively. The 
preferred near steady-state serpentinite fluxes fall at the low end of estimates given by 
Schmidt and Poli (1998) and Rüpke et al. (2004), are ~50% lower than estimates by 
Hacker (2008) and more than 20 times lower than the estimate given by Li and Lee 
(2006). 
We now use the above limits on trench input flux to explore the spatial extent of 
serpentinization in slabs. Hydration of lithospheric mantle is thought to occur along deep 
faults formed at the outer rise. We assume a fault spacing of 3 km (Ranero et al., 2003), 
fault depth of 10 km, and 45 000 km length of trench (Jarrard, 2003). If serpentinization 
reactions begin at fault surfaces and propagate laterally, we calculate a lateral extent of 
serpentinization of 51-55 m and 73 m from each fault surface (for the near steady-state 
and 360 m sea level decrease scenarios, respectively; based on pure 13 wt% H2O 
serpentine, 2.6 g/cm3 density). We note that a laterally continuous serpentinite layer 
would not form unless the depths of serpentinization were limited to 340-360 m and 480 
m, respectively. 
 
2.4.2 Previous estimates of the return flux of water to the mantle  
Previously-estimated return fluxes range from 3.5-9.4  1013 (Rüpke et al., 2004), 
4.7  1013 (Hacker, 2008), and 3.8  1013 (van Keken et al., 2011) moles/yr (Figure 2.6). 
Return fluxes are taken as the authors’ estimates of bound water flux beyond depths of 
arc magma generation (~4–5 GPa or 120–150 km; Syracuse and Abers, 2006; Hacker, 
2008). Rüpke et al. (2004) provide water release curves with depth; we use these to 
calculate the range of bound water at 120 km depth (after Hacker, 2008). van Keken et al. 
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Figure 2.6 Sea level decrease over 542 Myr as a function of return flux to the mantle. 
R04 = Rüpke et al. (2004), H08 = Hacker (2008) and vK11 = van Keken et al. (2011). 
The solid black line represents sea level change given the mean total mantle-derived 
output flux of 1.4  1013 moles/yr (accompanying dashed black lines represent the 68% 
confidence limits of total mantle-derived output; 1.1-1.8  1013 moles/yr). The range in 
sea level change for each study is based on the 68% confidence limits of total mantle-
derived water output. All literature return flux estimates exceed the near-steady state 
ocean return flux range. Only at the 68% confidence limit are the estimate of van Keken 
et al. (2011) and the lower limit of Rüpke et al. (2004) consistent with the upper limit sea 
level decrease of 360 m. Our preferred return flux based on the near-steady state ocean 
scenario (0–100 m sea level decrease), is 0.40.32.01.4

   1013 moles/yr, indicated by the 
solid star. Open star indicates our upper limit return flux to the mantle. 
 
(2011) estimate that ~1/3 of their initial slab water input is released above 100 km depth 
and constitutes the flux supplying global arc volcanism. Another 1/3 of the initial flux is 
retained beyond 230 km depth and is discussed as the deep mantle return flux. The fate of 
the remaining 1/3 (released between 100 and 230 km) is unspecified, but since it is 
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largely released below depths of magma generation and the authors do not include it in 
their arc magmatic flux (van Keken et al., 2011), it is considered here as part of the return 
flux. 
All literature return fluxes exceed the total mantle-derived output flux given by 
our model (Table 2.3; Figure 2.6), indicating net mantle regassing. Figure 2.6 shows the 
decrease in sea level if the imbalance between the return fluxes and mantle output fluxes 
are sustained over the entire Phanerozoic. All literature estimates generate sea level 
change in excess of our preferred limit (0–100 m). Furthermore, most of the estimates 
also violate the upper limit (360 m) sea level decrease: the estimates of van Keken et al. 
(2011) and the lower limit of Rüpke et al. (2004) are only compatible with a sea level 
decrease of 360 m if mantle output is high (Figure 2.6).  Thus, the vast majority of 
literature return fluxes are too large to reflect long-term water cycling between the mantle 
and exosphere. If sustained, they would reduce the amount of exospheric water by an 
amount inconsistent with reconstructions of Phanerozoic sea level. In particular, the 
highest estimated return flux (Rüpke et al., 2004) would remove a volume of water equal 
to half the present-day ocean in 500 Myr. 
 
2.4.3 Mantle regassing rates  
The sea level reconstructions discussed in Section 2.3.2 indicate that long-term 
secular decrease in sea level over the Phanerozoic was limited to ~0–100 m. Accordingly, 
the near steady-state ocean scenario described above yields our preferred return flux 
range of 4.0 3.00.24.1
    1013 moles/yr to the mantle (Table 2.3). The upper limit of 360 m 
of sea level decrease over the Phanerozoic yields a return flux of 4.0 3.05.3

   1013 moles/yr 
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into the mantle (Table 2.3). All of these fluxes are low compared to previous estimates 
(Figure 2.6). If the entire return flux is distributed uniformly throughout 10 km of 
lithospheric mantle as serpentine, the above fluxes correspond to 6.0 5.01.32.2
  % 
serpentinization and 6.0 5.04.5
  % serpentinization, respectively, assuming 2.7 km2 of 
convergence per year and 3.3 g/cm3 density for lithospheric mantle. These numbers are in 
some cases higher than the initial serpentinized mantle input fluxes to trenches estimated 
in Section 2.4.1, suggesting that up to 70% of the return flux is carried in the igneous 
crust, in minerals such as lawsonite and phengite (e.g., Schmidt and Poli, 1998; Hacker et 
al., 2008; van Keken et al., 2011). It is also possible that all of the previous studies have 
overestimated the flux of water carried in sediments and altered igneous crust (Figure 2.4; 
Section 2.4.1), which would allow the initial serpentinized mantle input flux to the trench 
to be larger. 
Our preferred and upper limit return fluxes over the Phanerozoic correspond to 
preferred and upper limit net mantle regassing rates of 0–5.6  1013 moles/yr and of 2.1  
1013 moles/yr, respectively (Table 2.3). While we have discussed water cycling only over 
the Phanerozoic, as observational constraints are strongest for this period of time, we note 
that the Phanerozoic upper limit of 2.1  1013 moles/yr for the net mantle regassing rate 
cannot reflect conditions into deep time. Continental freeboard arguments suggest that 
sea surface height with respect to continents has remained within 500 m of the present 
value since the end-Archean (Wise, 1974, Windley 1977; Galer 1991; Kasting and Holm, 
1992), suggesting that the upper limit net flux might only be sustained for up to ~750 
Myr; if sustained since the end-Archean, the upper limit would generate ~1600m of sea 
level decrease. In contrast, our preferred net regassing flux for the Phanerozoic (0–5.6  
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1012 moles/yr) would be consistent into deep time as it would generate a sea level 
decrease of up to ~0–500 m since 2.5 Gyr. The preferred net mantle regassing rate would 
lead to at most a 60 ppm increase in bulk mantle water content since 2.5 Gyr, which is a 
factor of  3.5 less than van Keken et al.’s (2011) estimate of 200 ppm (370 ppm over 4.5 
Gyr). However, the factor of 3.5 difference is readily explained by the fact that van 
Keken et al. (2011) neglected any mantle-derived water output flux in computing the net 
mantle regassing rate, resulting in an unrealistically high increase in mantle water 
content. 
 
2.4.4 Implications for the evolution of mantle volatile budgets 
Our preferred and upper limit return fluxes of water to the mantle correspond to 
bulk water contents in a 100 km-thick slab of 280–400 ppm and 700 ppm H2O, 
respectively. Since some part of the return flux may be stored in nominally anhydrous 
minerals in the mantle wedge without being returned to the exosphere, the bulk slab 
water contents are upper limits. Convective stirring and assimilation of recycled slabs 
with our preferred slab water contents of 280–400 ppm into the MORB source could 
account for the MORB source water, as source concentrations are between 50–230 ppm 
(Saal et al., 2002; Simons et al., 2002). Furthermore, the MORB source may be getting 
wetter: since water concentrations in the slab are higher than the MORB source, mixing 
and assimilation should enrich the mantle source. In contrast, convective stirring of 
recycled slabs is not likely to account for all of the OIB source water (Table 2.1), 
particularly for the high 3He/4He FOZO plumes that have ~750 ppm water in their source 
(e.g. Dixon et al., 2002). Thus, we suggest that a source of juvenile water is required for 
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OIB magmatism, consistent with the inference of Dixon et al. (2002) based on H2O/Ce 
ratios. Furthermore, mixing and assimilation of slabs with 280-400 ppm water may be 
diluting the OIB source water over time; i.e., the OIB source may be getting drier. It is 
conceivable that if subducted slabs have the upper limit 700 ppm H2O, then all of the 
water in the OIB source could be associated with recycling of subducted water. However, 
the residence time of material in the OIB source region is on order ~1-2 Gyr (Allegre 
2002; Gonnermann and Mukhopadhyay, 2009; Kawabata et al., 2011) and the upper limit 
slab water content cannot be sustained much further back than 750 Myr.  
The relatively low magnitude of our preferred total trench input flux and return 
flux estimates is significant in light of suggestions that the return flux of water to the 
mantle affects cycling of other volatiles, such as the noble gases. Since heavy noble gases 
(e.g., Ar and Xe) have been used to place constraints on mantle structure and dynamics, it 
is especially important to understand the origin of noble gas signatures. For example, 
based on apparent similarities in the noble gas abundance patterns of the mantle and 
seawater, Holland and Ballentine (2006) argue that differences in OIB and MORB source 
noble gases reflect preferential recycling of seawater-derived atmospheric noble gases 
into the OIB source. Such a conclusion has important ramifications for mantle 
geodynamics, as it implies that differences between MORB and OIB noble gases are 
related to recycling of atmospheric gases, rather than the preservation of a less-degassed 
mantle source. However, the Holland and Ballentine (2006) hypothesis specifically 
requires unfractionated atmospheric noble gases dissolved in seawater to be carried as 
pore water trapped within subducting slabs. Given the difficulty in retaining significant 
amounts of pore water beyond depths of magma generation, Sumino et al. (2010) propose 
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that the noble gases may be carried by unfractionated seawater trapped in fluid 
inclusions. To account for the mantle Ar budget, 0.37  1013 moles/yr of unfractionated 
seawater trapped within pores or in fluid inclusions must return to the mantle (Holland 
and Ballentine, 2006). Unless a surprisingly large percentage of the preferred mantle 
return flux (~20–30%) is carried as pore water or within fluid inclusions, preferential 
transport of unfractionated noble gases in seawater to the lower mantle to generate the 
OIB heavy noble gas signature is problematic. We are not aware of any studies that 
independently document such a large percentage of the return flux to the mantle to be 
associated with pore water or fluid inclusions. Therefore, a lower degree of degassing for 
the OIB source remains a viable explanation for differences in MORB and OIB heavy 
noble gas compositions. 
 
2.5. CONCLUSIONS 
We used a Monte Carlo simulation of global water exchange between the mantle 
and exosphere to constrain the magnitudes of the flux of water (1) into trenches and (2) 
beyond depths of magma generation, based on reconstructions of Phanerozoic sea level 
change. We find that previous estimates of both of the above fluxes are frequently too 
large to reflect long-term water cycling. We estimate trench input fluxes from 
2.2
2.1 9.57.5
   1013 moles/yr and 8.2 4.15.6   1013 moles/yr (near steady-state and upper 
limit sea level statistics, respectively), which suggest a limited extent of serpentinization 
of subducting lithospheric mantle. Our preferred return flux to the mantle, based on 0–
100 m of sea level decrease over the Phanerozoic, is between 4.0 3.00.24.1
    1013 
moles/yr. The associated net flux would also be compatible with sea level change since 
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the end-Archean based on continental freeboard, and would lead to an increase in bulk 
mantle water content of up to 60 ppm since 2.5 Gyr. Furthermore, our study indicates that 
while water in the MORB source may be accounted for by recycling of chemically-bound 
water in subducted slabs, recycled slab water contents may not be high enough to support 
all of the OIB source water, such that a juvenile source is required for some fraction of 
OIB water.  
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Chapter 3: Heterogeneous upper mantle Ne, Ar and Xe isotopic 
compositions and a possible Dupal noble gas signature recorded in 
basalts from the Southwest Indian Ridge 
[Parai, R., Mukhopadhyay, S., Standish, J. J., 2012. Heterogeneous upper mantle Ne, Ar 
and Xe isotopic compositions and a possible Dupal noble gas signature recorded 
in basalts from the Southwest Indian Ridge. Earth and Planetary Science Letters 
359, 227-239, doi: 10.1016/j.epsl.2012.10.017.] 
 
ABSTRACT 
Variations in heavy noble gas (Ne, Ar, Xe) isotopic compositions provide unique 
insights into the nature of heterogeneities in the mantle. However, few precise constraints 
on mantle source heavy noble gas isotopic compositions are available due to ubiquitous 
shallow-level atmospheric contamination. As a result, the extent of heterogeneity in mid- 
ocean ridge basalt (MORB) mantle source Ne, Ar and Xe isotopic compositions is 
unknown. Basalts from the ultra-slow spreading Southwest Indian Ridge (SWIR) 
between 7 and 25°E exhibit remarkable variability in He isotopic composition: SWIR 
4He/3He spans half the total range observed in all mantle-derived basalts. Therefore, 
basalts from the SWIR provide a unique window into upper mantle heterogeneity and 
present an ideal opportunity to characterize variations in upper mantle heavy noble gas 
isotopic composition. Here we present new high-precision Ne, Ar and Xe isotopic 
compositions as well as He, CO2, Ne, Ar and Xe abundances measured in basalt glasses 
from the SWIR. After correcting the measured values for shallow-level atmospheric 
contamination, significant and systematic variations in mantle source Ne, Ar and Xe 
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compositions are observed. We note that large variations in source 40Ar/36Ar and 
129Xe/130Xe are observed in basalts removed from the influence of known hotspots, 
indicating a heterogeneous mid-ocean ridge basalt source. Thus, SWIR heavy noble gas 
data reveal a greater degree of source heterogeneity than is evident in the 4He/3He 
systematics alone. The observed heavy noble gas isotopic heterogeneities imply that the 
average MORB source 40Ar/36Ar and 129Xe/130Xe ratios are not yet well-determined. 
Variation in MORB source 40Ar/36Ar and 129Xe/130Xe at a given 4He/3He and 
21Ne/22Ne may reflect heterogeneous recycling of atmospheric Ar and Xe. In particular, 
we find low mantle source 40Ar/36Ar and 129Xe/130Xe ratios in the eastern region of the 
study area, which may reflect the noble gas signature of the Dupal mantle domain. Our 
observations require that the sampled mantle domain either is very ancient (>4.45 Ga) or 
has been metasomatized by subduction zone fluids carrying recycled atmospheric Ar and 
Xe. However, our Xe isotopic measurements indicate that differences between MORB 
and ocean island basalt (OIB) source noble gas compositions cannot be explained by 
recycling of atmospheric noble gases alone. Instead, a relatively undegassed mantle 
reservoir is required to account for OIB noble gases. The SWIR data demonstrate that the 
reservoir supplying primordial noble gases to mantle plumes differentiated from the 
MORB source early in Earth history, and the two reservoirs have not been homogenized 
over 4.45 Gyr of mantle convection. 
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2.1. INTRODUCTION 
Noble gases provide unique constraints on the differentiation history of the Earth. 
The noble gases are chemically inert and are present in very low abundances in the 
mantle, such that variations in mantle source noble gas isotopic composition reflect 
degassing, regassing and nuclear processes such as radioactive decay and spontaneous 
fission of more abundant parent nuclides. A full complement of noble gas analyses on 
mantle-derived samples provides information about volatile cycling (Holland and 
Ballentine, 2006; Kendrick et al., 2011; Sumino et al., 2010), mass fluxes between mantle 
reservoirs (e.g., Gonnermann and Mukhopadhyay, 2009; O'Nions and Tolstikhin, 1996; 
Porcelli and Wasserburg, 1995; Tolstikhin and Marty, 1998), budgets of the heat-
producing elements (U, Th and K), and constraints on early Earth differentiation based on 
the decay products of short-lived nuclides (244Pu and 129I; Allègre et al., 1987; Ballentine 
and Holland, 2008; Caffee et al., 1999; Kunz et al., 1998; Mukhopadhyay, 2012). 
Therefore, precise determination of mantle source noble gas abundances and isotopes in 
mid-ocean ridge basalts (MORBs) and ocean island basalts (OIBs) can provide powerful 
insights into the history, structure and dynamics of the Earth’s interior.  
Mantle He and Ne isotopic compositions reflect loss due to degassing and 
subsequent production of select nuclides by nuclear processes, since recycling of He and 
Ne is thought to be insignificant (Graham, 2002; Holland and Ballentine, 2006; Porcelli 
and Wasserburg, 1995). 4He is produced by α-decay of U and Th, while 3He is 
primordial. As a result, high 4He/3He ratios are generated by degassing and subsequent 
ingrowth of 4He, and are commonly attributed to the presence of degassed recycled 
material with high (U+Th)/3He in the source region. In contrast, low 4He/3He ratios 
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reflect a mantle source that has remained relatively undegassed and thus preserved low 
(U+Th)/3He over time. Among Ne isotopes, 20Ne and 22Ne are primordial, while 21Ne is 
produced by nuclear reactions associated with U and Th decay (18O(α,n)21Ne and 
24Mg(n,α)21Ne; Yatsevich and Honda, 1997; Wetherill, 1954), such that low source 
21Ne/22Ne ratios reflect a relatively undegassed mantle reservoir. To first order, 
radiogenic He should be associated with nucleogenic Ne isotopic composition; however, 
mixing of mantle sources with different 3He/22Ne ratios may generate hyperbolic mixing 
arrays, complicating the expected relationship between He and Ne isotopes measured in 
basalts (e.g., Furi et al., 2010; Hanyu and Kaneoka, 1998; Kurz et al., 2005; Madureira et 
al., 2005; Moreira et al., 1995; Moreira et al., 2011; Parai et al., 2009; Shaw et al., 2001).  
Mantle Ar and Xe isotopic compositions are interpreted with respect to nuclear 
processes, degassing and regassing, since recycling of atmospheric Ar and Xe at 
subduction zones may be significant (e.g., Holland and Ballentine, 2006; Kendrick et al., 
2011; Sumino et al., 2010). 36Ar and 38Ar are primordial, while 40Ar is produced by decay 
of 40K by electron capture. Among Xe isotopes, 128Xe and 130Xe are primordial, 129Xe 
was produced by the β-decay of the extinct nuclide 129I (t1/2 = 15.7 Ma), and 
131,132,134,136Xe are produced in characteristic relative proportions by spontaneous fission 
of both extinct 244Pu (t1/2 = 80.0 Ma) and extant 238U (t1/2 = 4.468 Gyr). Consequently, Xe 
isotopic compositions of mantle-derived basalts provide information about the timing and 
extent of mantle degassing and the differentiation of the early Earth (i.e., up to ~500 Ma 
after accretion; Allègre et al., 1987; Kunz et al., 1998; Mukhopadhyay, 2012; Pepin and 
Porcelli, 2002; Staudacher and Allegre, 1982; Yokochi and Marty, 2004). 
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The majority of noble gas studies of mantle-derived rocks have, however, focused 
on He and Ne isotopic measurements, as measurements of mantle Ar and Xe are 
complicated by low abundances and pervasive syn- to post-eruptive atmospheric 
contamination. Existing He isotopic measurements in mantle-derived rocks indicate 
distinct degassing histories for the mantle sources of OIBs and MORBs. Basalts erupted 
at ocean islands exhibit a wide range of 4He/3He ratios, from ~14,000 to170,000 (3He/4He 
of 50 to 4.1 RA; Graham et al., 1992; Moreira et al., 1999; Stuart et al., 2003). Basalts 
erupted at mid-ocean ridges exhibit a more limited range of He isotopic compositions. 
MORB He isotopes are generally discussed with respect to a narrow “canonical” MORB 
4He/3He range of 80,000 to 100,000 (3He/4He of 9 to 7 RA). However, basalts from the 
ultra-slow spreading Southwest Indian Ridge (SWIR) from 7 to 25°E exhibit 4He/3He 
ratios from 48,300 to 120,000 (14.9 to 6.0 RA; Georgen et al., 2003; Kurz et al., 1998; 
Standish, 2006), spanning half the range observed in OIBs. 4He/3He values above and 
below the canonical MORB range are found in basalts erupted in close proximity. 
Additionally, Georgen et al. (2003) observe a smooth spatial gradient in helium isotopic 
composition in the western half of the study area. The remarkable variability and spatial 
gradient in helium isotopic compositions suggest that the SWIR between 7 and 25°E 
affords a unique window into the nature and distribution of heterogeneities in the MORB 
source.  
The extent of heterogeneity in MORB source Ar and Xe isotopic compositions is 
poorly constrained at present, as determinations of MORB source Ar and Xe isotopic 
compositions have been limited to a few very gas-rich samples (e.g., N. Atlantic popping 
rock 2ΠD43, Kunz et al., 1998; Moreira et al., 1998; Harding County well gases, Caffee 
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et al., 1999; Holland and Ballentine, 2006; Phinney et al., 1978; Staudacher, 1987). 
However, a number of studies have demonstrated that the heavy noble gases (Ne, Ar and 
Xe) provide information on the origin of mantle heterogeneities that may not be evident 
in He or lithophile isotope systematics alone (e.g., Hanyu et al., 2001; Harrison et al., 
1999; Holland and Ballentine, 2006; Honda and McDougall, 1998; Honda and 
Woodhead, 2005; Kunz et al., 1998; Kurz et al., 2005; Moreira et al., 2011; Moreira et 
al., 1998; Mukhopadhyay, 2012; Parai et al., 2009; Sarda et al., 2000; Tucker et al., 2012; 
Yokochi and Marty, 2004). For example, Holland and Ballentine (2006) used primordial 
heavy noble gas isotopes (e.g., 36Ar, 130Xe) measured in continental well gases to 
demonstrate that the MORB source heavy noble gas abundance pattern is similar to 
seawater, and suggested that unradiogenic 40Ar/36Ar and 129Xe/130Xe in OIBs reflect 
preferential recycling of atmospheric heavy noble gases into the OIB source relative to 
the MORB source. In contrast, Mukhopadhyay (2012) used Ne, Ar and Xe isotope 
systematics in Icelandic basalt glass to demonstrate that the Iceland plume and MORB 
source Ar and Xe cannot be related to each other solely through preferential recycling of 
atmospheric volatiles. Rather, the MORB and Iceland sources must have differentiated 
early in Earth history and have not been homogenized by ≥4.45 Gyr of mantle convection 
Mukhopadhyay (2012). Thus, heavy noble gas systematics in mantle-derived samples can 
fundamentally improve our understanding of mantle evolution. In order to better 
constrain the extent and nature of heterogeneity in MORB source Ne, Ar and Xe isotopic 
compositions, we present new high-precision Ne, Ar and Xe isotopic compositions and 
abundances along with He and CO2 abundances in a suite of basalt glasses from the 
SWIR between 7 and 25°E.  
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3.2. BACKGROUND AND METHODS 
3.2.1 Sample background 
Fourteen submarine basalt glass samples erupted along the SWIR between 7 and 
25°E (Figure 3.1) were selected for heavy noble gas analysis. The samples were 
previously characterized for major element, trace element and radiogenic lithophile 
isotopic compositions (Kurz et al., 1998; Mahoney et al., 1992; Standish, 2006; Standish 
et al., 2008) as well as helium concentrations and isotopic composition (Georgen et al., 
2003; Kurz et al., 1998; Standish, 2006). Samples from a single dredge located at the 7ºE 
ridge segment, adjacent to Bouvet Island, illustrate the lengthscale of helium isotopic 
heterogeneity at the SWIR: one sample exhibits 4He/3He within the canonical MORB 
range (96,400; Kurz et al., 1998), while two other samples from the same dredge exhibit 
low 4He/3He ratios (48,300 and 51,000; Kurz et al., 1998). In the center of the study area 
between the Shaka Fracture Zone (FZ) and 16°E, ridge orientation is highly oblique to 
the spreading direction, resulting in a low effective spreading rate (Standish et al., 2008). 
This part of the ridge is known as the Oblique Supersegment and is characterized by 
amagmatic accretionary ridge segments punctuated by two discrete magmatic segments 
(Dick et al., 2003) that erupt basalts with the most radiogenic 4He/3He ratios measured in 
the area (up to ~120,000; Standish, 2006; Table A3.1). Ridge orientation changes 
abruptly at the 16°E discontinuity, and the ridge is nearly orthogonal to the spreading 
direction between 16°E and the Dutoit FZ. A spatial gradient in helium isotopic 
composition is evident across the Orthogonal Supersegment, with 4He/3He decreasing 
smoothly from west to east over 630 km of ridge (Georgen et al., 2003).  
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Figure 3.1: Map of the Southwest Indian Ridge study area. The study area is bounded in 
the west by the Islas Orcadas Fracture Zone (FZ) and by the Dutoit FZ in the east. Bouvet 
Island is located ~200 km west of the study area. Some samples from 7°E exhibit low 
4He/3He ratios (~48,300; Kurz et al,. 1998). Other samples from 7°E exhibit 4He/3He 
ratios within the canonical MORB range (80,000 – 100,000). The Oblique Supersegment 
runs from 9 to 16°E. Basalts erupted at the Joseph Mayes and Narrowgate Seamounts 
have very radiogenic 4He/3He (up to ~120,000; Table A3.1). At the 16°E discontinuity, 
ridge orientation shifts such that spreading direction is nearly orthogonal to the ridge. The 
~630 km long Orthogonal Supersegment exhibits 4He/3He ratios that vary smoothly from 
~110,000 in the west to ~100,000 in the east (Georgen et al., 2003).  
 
3.2.2 Analytical methods 
Basalt glass was chipped from pillow lavas. Chips exhibiting light surface 
alteration were leached in dilute nitric acid for 10-15 minutes and ultrasonically cleaned. 
Clean glass chips were washed in acetone and dried. 2-5 g of glass were loaded into a 
stainless steel piston crusher, baked at ~90-100°C for 24 hours, and then pumped for an 
additional 7-14 days until blanks were low and stable. To release magmatic gases trapped 
in vesicles, samples were step-crushed under ultra-high vacuum using a hydraulic ram. 
CO2 contents were measured by manometers attached directly to the crusher volume. 
Active gases were removed by sequential exposure to hot and cold SAES getters. The 
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noble gases were trapped on a cryogenic cold finger and sequentially released to the mass 
spectrometer volume. He, Ne, Ar and Xe abundances and Ne, Ar and Xe isotopic 
compositions were measured on a Nu Noblesse noble gas mass spectrometer operating in 
multicollection mode. Data were obtained over 2 years in 4 sets of measurements. For 
Ne, an automated liquid nitrogen trap was used to keep Ar and CO2 blanks low, and 
corrections for isobaric interference from doubly-charged Ar and CO2 were made. 
Ar++/Ar+ for the 4 sets of SWIR analyses were 0.031 ± 0.003, 0.077 ± 0.003, 0.078 ± 
0.003 and 0.061 ± 0.001; and CO2++/CO2+ were 0.0045 ± 0.0005, 0.0055 ± 0.0003, 
0.0079 ± 0.0006 and 0.0055 ± 0.0003. Procedural blanks were monitored during the step-
crushing process. Blanks were stable and typically <1% of the measured sample 20Ne 
signal, <0.5% of the measured sample 40Ar signal and ~2% of the measured sample 130Xe 
signal. All measured sample Ne, Ar and Xe isotope ratios reflect some degree of syn- to 
post-eruptive air contamination. Since blanks were low and statistically indistinguishable 
from air in isotopic composition, no blank corrections were made to the abundances or 
isotope ratios reported in Table A3.1. Each sample step-crush was bracketed by multiple 
air standard runs, which were used to calibrate sensitivity and mass discrimination as a 
function of signal size. A total of 1,280 heavy noble gas air standard runs were analyzed 
over the 2 year SWIR analytical campaign, with ~ 10-11 to 10-9 cc STP 20Ne, ~10-9 to 10-8 
cc STP 40Ar and ~ 10-15 to 10-13 cc STP 130Xe. Uncertainties in Ne, Ar and Xe isotope 
ratios for each step-crush are based on the reproducibility of air standards of comparable 
signal size analyzed within the same time period. 
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3.3. RESULTS 
Fourteen samples were analyzed for He, Ne, Ar, Xe and CO2 abundances, and Ne, 
Ar and Xe isotopic compositions. Multiple step-crush analyses were performed for each 
sample (3-23 steps per sample), giving a total of 169 SWIR analyses. The results are 
reported in Appendix 2, Table A3.1 and discussed below. 
 
3.3.1 CO2– Helium systematics 
For each sample, individual crushing steps define a linear array in CO2 - 3He 
space, which we use to calculate a CO2/3He ratio using a robust linear least squares fit 
(Figure A2.1). Following Marty and Tolstikhin (1998), this ratio is corrected for 
degassing following a Rayleigh fractionation law constrained by 4He/40Ar* ratios (where 
40Ar* denotes radiogenic mantle-derived 40Ar): 
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                                  Eq. 3.1 
where (4He/40Ar*)i is the mantle source 4He/40Ar ratio of 2.5 and K denotes a solubility 
coefficient (KAr = 2.6 × 10-12 mol/g, KCO2 = 9.0 × 10-12 mol/g, KHe = 2.5 × 10-11 mol/g; 
Marty and Tolstikhin, 1998 and references therein). The magnitude of the degassing 
correction is uncertain for samples with near-atmospheric 40Ar/36Ar (such as KN162-9 
33-49); however, we note that the measured CO2/3He for KN162-9 33-49 itself is 
strikingly high (2.2 × 1010), and correction for magmatic degassing only raises CO2/3He 
(since KCO2 < KHe; see Figure A2.1). It is possible that this sample’s measured ratio has 
been affected by assimilation of seawater. However, even if KN162-9 33-49 is ignored, 
the CO2/3He ratios in primary SWIR melts vary from 4.8 × 108 to 8.4 ×109 (Table 3.1) 
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and thus reach values far in excess of the estimated average N-MORB value of ~1-2 ×109 
(Marty and Tolstikhin, 1998). 
 
3.3.2 Measured Ne, Ar, Xe compositions 
We measure 20Ne/22Ne values up to 12.41 ± 0.02 (1σ), and 21Ne/22Ne ratios up to 
0.0653 ± 0.0010 (1σ), among the highest isotopic excesses with respect to atmosphere 
(20Ne/22Ne = 9.80, 21Ne/22Ne = 0.0290) measured in MORBs (Table A3.1). Measured 
40Ar/36Ar values vary up to 28,500 ± 290 (1σ). The highest measured isotopic ratio in 
129Xe/130Xe is 7.71 ± 0.11 (1σ), which is comparable to the highest value measured in the 
popping rock 2ΠD43 (129Xe/130Xe = 7.73 ± 0.23; Moreira et al., 1998) and in Equatorial 
Atlantic MORBs (129Xe/130Xe = 7.81 ± 0.06; Tucker et al., 2012). 
 
3.4. SOURCE Ne, Ar AND Xe ISOTOPIC COMPOSITIONS CORRECTED FOR 
SYN- TO POST-ERUPTIVE ATMOSPHERIC CONTAMINATION 
Variable syn- to post-eruptive air contamination affects all measurements of Ne, 
Ar and Xe in mantle-derived rocks (e.g., Ballentine and Barfod, 2000; Sarda et al., 1985), 
such that measured values represent mixing between the mantle source isotopic 
composition and the atmospheric composition. Corrections for syn- to post-eruptive air 
contamination are required to accurately characterize mantle sources and interpret 
differences between mantle reservoirs. Variations in maximum measured Ar isotopic 
values have been discussed as indicative of source Ar isotopic heterogeneity (e.g., Sarda 
et al., 1999); however, maximum measured values may also reflect the degree of 
atmospheric contamination, which vary randomly or as a function of eruption depth (e.g., 
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Burnard, 1999). Therefore, variations in maximum measured values need not accurately 
reflect heavy noble gas isotope systematics in mantle sources. 
Well-defined arrays in 20Ne/22Ne-21Ne/22Ne, 40Ar/36Ar-20Ne/22Ne and 129Xe/130Xe-
40Ar/36Ar spaces allow us to determine mantle source isotopic compositions by least-
squares fitting and extrapolation to a mantle 20Ne/22Ne value. We use a 20Ne/22Ne value 
of 12.5 for the MORB source (Holland and Ballentine, 2006; Ballentine and Holland, 
2008; Raquin et al., 2008), though correcting to the solar wind composition (20Ne/22Ne of 
13.8) would not alter our conclusions. Correction for air contamination is a total least-
squares linear extrapolation for mantle 21Ne/22Ne (Figure 3.2), and a total least-squares 
hyperbolic extrapolation for mantle 40Ar/36Ar (Figure 3.3). The extrapolated mantle 
40Ar/36Ar can then be used in a total least-squares hyperbolic extrapolation for mantle 
129Xe/130Xe (Figure 3.4). Extrapolations are only performed for samples with well-
defined mixing arrays. We note that AG22 1-1 and 1-4 overlap in every isotope space; 
these are likely to sample a single flow and are therefore considered together for 
extrapolation. Below we discuss SWIR mantle source Ne, Ar and Xe isotopic 
compositions corrected for the effects of shallow air contamination. 
 
3.4.1 Mantle source neon isotopic compositions 
For each SWIR sample, step-crushes define a linear array trending towards the 
atmospheric composition that reflects variable degrees of atmospheric contamination in 
20Ne/22Ne-21Ne/22Ne space. To correct for air contamination, the data are translated to fix 
the atmospheric composition at the origin and a total least-squares fit of the form y = mx 
(to force the fit through air) is determined by minimizing χ2 given errors in both variables 
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Figure 3.2. Correction for syn- to post-eruptive atmospheric contamination of Ne. For 
each sample, step-crushing generates a linear array reflecting variable degrees of 
atmospheric contamination. Each sample is corrected for air contamination by total least 
squares regression (Section 3.4.1) and extrapolation to determine the source 21Ne/22Ne(E) 
at a mantle 20Ne/22Ne of 12.5. 
 
 62
(after York, 1969). Uncertainties in the slopes are determined by Monte Carlo error 
analysis: for each sample, data are randomly resampled from within the bivariate normal 
distributions associated with each data point, and the least-squares fit is recomputed using 
the new values. Well-defined slopes allow us to determine extrapolated mantle source 
21Ne/22Ne(E) at 20Ne/22Ne = 12.5 with high precision (Figure 3.2; extrapolations are not 
performed for samples KN162-7 14-7 and KN162-9 33-49, since all crushing steps are 
close to atmospheric in composition). The extrapolated mantle source Ne compositions 
range from 21Ne/22Ne(E) = 0.0414 ± 0.0020 (1σ) at 7ºE to 21Ne/22Ne(E) = 0.0680 ± 0.0004 
(1σ) at the western Orthogonal Supersegment (Table 3.1). 
 
3.4.2 Mantle source argon isotopic compositions 
Air contamination generates hyperbolic trends in 40Ar/36Ar – 20Ne/22Ne space. A 
best-fit hyperbola reflecting two-component mixing between air and mantle is determined 
using a total least-squares hyperbolic fit. The curvature of a two-component mixing 
hyperbolic array is parameterized as k = (36Ar/22Ne)mantle/(36Ar/22Ne)atm. We use a grid 
search to find the combination of k and mantle 40Ar/36Ar (corresponding to a mantle 
20Ne/22Ne of 12.5) that minimizes the χ2 cost function (Equation 3.2): 
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where (xi ± σxi, yi ± σyi) are the N observed data points for a given sample and (mi, ni) are 
the σ–normalized closest points to the data along a candidate hyperbola (i.e., the points 
that minimize χ2 for the candidate hyperbola). Since there are two free parameters in the 
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hyperbolic fit (k and mantle 40Ar/36Ar), the 68.3% confidence interval on the mantle 
40Ar/36Ar (Table 3.1) is where χ2 ≤ χ2min + 2.30 (Press et al., 1992; see Figure A3.2). 
For some samples, scatter in the mixing array is much larger than the analytical 
uncertainties and likely reflects the influence of a second elementally-fractionated air 
component. Three-component mixing between mantle and two atmospheric components 
with distinct 36Ar/22Ne ratios would generate an array of measured values constrained to 
lie within a crescent or lens-shaped region. Random sampling of data from within such a 
region would not necessarily provide a good constraint on the mantle endmember 
40Ar/36Ar. Therefore, we restrict our extrapolations to samples with relatively well-
defined hyperbolic mixing arrays (8 extrapolations; Figure 3.3). Such hyperbolic arrays 
are likely to reflect either a single atmospheric contaminant or two elementally-
fractionated atmospheric contaminants present in nearly fixed proportions. Mantle 
40Ar/36Ar(E) values range from 16001100200,12

 at 7ºE to
6000
4600300,49

  in the western Orthogonal 
Supersegment (Table 3.1).  
 
3.4.3 Mantle source xenon isotopic compositions 
Air contamination generates hyperbolic trends in 129Xe/130Xe – 20Ne/22Ne and 
129Xe/130Xe – 40Ar/36Ar space. Best-fit hyperbolae reflecting two-component mixing 
between atmosphere and mantle are determined as described in Section 3.4.2. The fits 
yield extrapolated mantle source 129Xe/130Xe(E) values at the mantle 40Ar/36Ar(E) values 
determined above (6 extrapolations; Figure 3.4). Since the best fits have pronounced 
concave-down curvatures, the extrapolated 129Xe/130Xe(E) is only weakly sensitive to 
uncertainty in the mantle 40Ar/36Ar(E); therefore, the 68.3% confidence limits on 
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Figure 3.4: Correction for syn- to post-eruptive atmospheric contamination to determine 
mantle source 129Xe/130Xe. For each sample, step-crushing generates an array reflecting 
variable degrees of atmospheric contamination. For samples with well-defined hyperbolic 
mixing arrays in 129Xe/130Xe – 40Ar/36Ar space, best fit hyperbolae yield extrapolated 
mantle 129Xe/130Xe(E) at the 40Ar/36Ar(E) determined in Figure 3.3. Mixing arrays in 
20Ne/22Ne – 129Xe/130Xe space exhibit more scatter, but are in good agreement with 
129Xe/130Xe – 40Ar/36Ar results. Three data points with sub-atmospheric 129Xe/130Xe in 
AII107-6 57-5 were excluded from the fit. The upper limit of the 68.3% confidence 
interval for AII107-6 57-9 is poorly constrained and is thus depicted by an upward arrow. 
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129Xe/130Xe(E) are given assuming the best 40Ar/36Ar(E). Mantle 129Xe/130Xe(E) values range 
from 39.0 19.089.6

  to 7.80±0.10 (Table 3.1). 
 
3.5. DISCUSSION 
The SWIR between 7°E and 25°E is comprised of four compositionally distinct 
regions: the 7°E ridge segment, the Oblique Supersegment, the western Orthogonal 
Supersegment and the Eastern Orthogonal Supersegment. Below we discuss the noble gas 
isotopic systematics observed in the study area and investigate the nature of MORB 
source noble gas heterogeneity. We then evaluate SWIR Xe isotope systematics and 
discuss the implications for early mantle differentiation. SWIR Xe fission isotopes and 
relationships between noble gases and major and trace element ratios will be discussed 
elsewhere. 
 
3.5.1 Variations in MORB source composition along the SWIR from 7 to 25°E 
 We observe remarkable and systematic variability in heavy noble gas isotopic 
composition across the ~1100 km-wide study area (Figures 3.5-3.7). Figure 3.5 illustrates 
systematic variations in mantle source CO2/3He and Ne, Ar and Xe isotopic compositions 
as a function of longitude. Extremely high CO2/3He ratios are observed at the Oblique 
Supersegment (Figure 3.5a; 3.7×1010), far in excess of the mean values estimated for N-
MORB and E-MORB (~1 and ~4×109, respectively; Marty and Tolstikhin, 1998). Across 
the Orthogonal Supersegment, we observe considerable variation in source Ne, Ar and 
Xe isotopic compositions over a short distance (~600 km). A broad spatial gradient is 
present in 21Ne/22Ne(E), 40Ar/36Ar(E) and 129Xe/130Xe(E) (Figure 3.5), though sample  
 68
 
Figure 3.5: Mantle source CO2/3He, Ne, Ar and Xe isotopic variations with longitude 
along the SWIR from 7°E to 25°E. Shaded band indicates the source composition of 
average N-MORB (panel a) and N. Atlantic popping rock 2ΠD43 (panels b-d; Moreira et 
al., 1998; Raquin et al., 2008). (a) CO2/3He corrected for degassing following a Rayleigh 
fractionation law (see Section 3.3.1) is plotted on a logarithmic scale against longitude. 
CO2/3He in basalts from 7°E and the Orthogonal Supersegment scatter around typical N-
MORB values of ~1 × 109 (indicated by a dashed line). A large anomaly in CO2/3He is 
observed at the Oblique Supersegment. (b) Mantle source 21Ne/22Ne(E) vs. longitude. 
Along the Orthogonal Supersegment, 21Ne/22Ne(E) broadly decreases from west to east. 
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Figure 3.5 (continued) (c) Mantle source 40Ar/36Ar(E) vs. longitude. A broad gradient in 
40Ar/36Ar(E) is evident across the Orthogonal Supersegment. (d) Mantle source 
129Xe/130Xe(E) vs. longitude. Fewer samples are plotted here since mixing hyperbolae for 
some samples were poorly-constrained. Two distinct groupings are also evident in 
129Xe/130Xe(E) along the Orthogonal Supersegment: a relatively radiogenic group in the 
west and a less-radiogenic group in the eastern half of the supersegment.  
 
coverage across the Orthogonal Supersegment is not as dense as for 4He/3He (Georgen et 
al., 2003). 
Figure 3.6 illustrates He-Ne, He-Ar and Ne-Ar systematics in SWIR mantle 
sources, with N. Atlantic popping rock 2ΠD43 (Moreira et al., 1998), Equatorial Atlantic 
depleted MORB (Tucker et al., 2012), Bravo Dome continental well gas source (Holland 
and Ballentine, 2006) and DICE (Trieloff et al., 2000; Mukhopadhyay, 2012) included 
for reference. We find a broad positive correlation between SWIR source He, Ne and Ar 
isotopic compositions, and SWIR source co-variations are consistent with the differences 
between the relatively undegassed DICE source and the N. Atlantic MORB source. The 
low 4He/3He samples from 7°E are similar to DICE in all panels. We note that Eastern 
Orthogonal Supersegment source values are more radiogenic in He and more nucleogenic 
in Ne than the N. Atlantic source, but are low or comparable in 40Ar/36Ar(E). 
Figure 3.7 shows He-Xe, Ne-Xe and Ar-Xe systematics in the same samples. 
Relatively low 4He/3He, 21Ne/22Ne(E) and 40Ar/36Ar(E) in the Eastern Orthogonal 
Supersegment are associated with 129Xe/130Xe(E) that are low (~7.1) compared to 2ΠD43 
and approaching 129Xe/130Xe(E) for DICE. On the other hand, western Orthogonal 
Supersegment source 129Xe/130Xe(E) ratios range from ~7.6 – 7.8, slightly higher than the 
value of ~7.6 in 2ΠD43 (Moreira et al., 1998) and within the range of 7.90.14 for the 
mantle source of continental well gas (Holland and Ballentine, 2006). Significantly, the
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Figure 3.6: (a) He-Ne, (b) He-Ar and (c) Ne-Ar systematics in SWIR mantle sources. 
SWIR mantle source He, Ne and Ar isotopic compositions behave coherently, such that 
low 4He/3He ratios are associated with low 21Ne/22Ne(E) and low 40Ar/36Ar(E), and high 
4He/3He ratios are associated with high 21Ne/22Ne(E) and high 40Ar/36Ar(E). N. Atlantic 
popping rock 2ΠD43 (Moreira et al., 1998; Raquin et al., 2008), equatorial Atlantic 
depleted MORB (Tucker et al., 2012), Bravo Dome continental well gas source (Holland 
and Ballentine, 2006) and the Icelandic glass DICE (Mukhopadhyay, 2012; Trieloff et al., 
2000) are included for comparison. He-Ne-Ar systematics indicate the influence of a 
reservoir that is relatively undegassed compared to the N. Atlantic popping rock source 
and similar to the Iceland source, as well as at least two reservoirs that are degassed 
relative to the popping rock source. Eastern Orthogonal Supersegment source values are 
more radiogenic in He and more nucleogenic in Ne than the popping rock source, but are 
low or comparable in 40Ar/36Ar(E).  
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magnitude of variation in Orthogonal Supersegment 40Ar/36Ar(E) and 129Xe/130Xe(E) is 
much larger than the relative variation in 4He/3He and 21Ne/22Ne(E) (Figures 3.6, 3.7). 
Low source 40Ar/36Ar(E) and 129Xe/130Xe(E) at the Eastern Orthogonal Supersegment may 
be related to recycling of atmospheric Ar and Xe (see Section 3.5.3.3-3.5.3.4). We note 
that the sample from 7°E with the 4He/3He ratio of 96,400 (Table 3.1) groups with the 
Eastern Orthogonal Supersegment in all isotope spaces (Figures 3.6, 3.7). 
 
3.5.2 A heterogeneous MORB source mantle in heavy noble gas isotopes 
 Lithophile isotopic variations in mantle sources are often interpreted with respect 
to a set of theoretical endmember components, such as the depleted MORB mantle 
(DMM), HIMU, EMI and EMII (enriched mantles I and II). These theoretical 
endmember compositions are based on compiled lithophile isotopic measurements of 
mantle-derived rocks (e.g., Hart et al., 1992; Zindler and Hart, 1986; Zindler et al., 1982). 
Given the scarcity of precise heavy noble gas isotopic data exhibiting clear excesses from 
air, the magnitude of variation in mantle source heavy noble gas isotopic composition and 
the specific signatures associated with established mantle endmember components are 
poorly constrained. However, the variability in source Ne, Ar and Xe isotopic 
compositions we observe along the SWIR Orthogonal Supersegment (Figures 3.5-3.7) 
indicates that the MORB source is heterogeneous in heavy noble gas isotopic 
composition. Significant variation in Orthogonal Supersegment MORB source Ne, Ar 
and Xe exist independent of any known hotspot influence: 21Ne/22Ne(E) varies from 
0.0627 ± 0.0013 to 0.0680 ± 0.0004, 40Ar/36Ar(E) from 20,500 to 60004600300,49

 and 
129Xe/130Xe(E) from 04.0 02.010.7
  to 7.80 ± 0.10 (Figures 3.5-3.7). We note that our argument 
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for particularly large variation in MORB source 129Xe/130Xe is independent of the 
hyperbolic extrapolations: step-crushing data from KN162-7 22-14 in the Eastern 
Orthogonal Supersegment indicate that 129Xe/130Xe values asymptote with respect to 
40Ar/36Ar at 129Xe/130Xe of ~7.1, significantly lower than measured values of up to 7.71 ± 
0.11 in the western Orthogonal Supersegment (Figure 3.4). Therefore, the large variation 
in Orthogonal Supersegment source 129Xe/130Xe(E) is robust. 
We observe ~20%, 70% and 80% of the total mantle variation in 21Ne/22Ne(E), 
40Ar/36Ar(E) and 129Xe/130Xe(E) ratios, respectively, along the SWIR Orthogonal 
Supersegment (Figures 3.5-3.7). In light of this source heterogeneity, interpreting any 
single MORB composition as representative of the average MORB source is problematic. 
However, geochemical reservoir models have used the composition of the gas-rich N. 
Atlantic popping rock 2ΠD43 (e.g., Moreira et al., 1998; Staudacher et al., 1989) as 
representative of the average MORB source (e.g., Davies, 2010; Gonnermann and 
Mukhopadhyay, 2009; Porcelli and Wasserburg, 1995; Tolstikhin and Marty, 1998) in 
order to constrain mass exchange between mantle reservoirs. Given the observed large 
variation in isotopic composition and the small number of mantle source Ar and Xe 
isotopic constraints, the average Ar and Xe isotopic compositions of the MORB source 
are probably not yet well-defined. 
 
3.5.3 The nature of the heterogeneities observed at SWIR 7-25°E 
3.5.3.1 The 7°E ridge segment 
Low 4He/3He, 21Ne/22Ne(E), 40Ar/36Ar(E) and 129Xe/130Xe(E) at 7°E indicate the 
influence of a relatively undegassed reservoir in the westernmost SWIR, which may be 
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related to the Bouvet plume (Figure 3.1). The data are consistent with previous studies of 
plume-related heavy noble gases (Figures 3.6 and 3.7), indicating that less-nucleogenic 
21Ne/22Ne(E), less-radiogenic 40Ar/36Ar(E) and less-radiogenic 129Xe/130Xe(E) are 
characteristic of plume sources and do not result from syn- to post-eruptive air 
contamination. The close spatial association between the relatively undegassed and 
degassed source signatures indicates either that the SWIR source at 7°E is heterogeneous 
on very fine lengthscales, or that melts from spatially disparate mantle sources are 
channeled towards common volcanic centers and erupted without being completely 
homogenized.  
 
3.5.3.2 The Oblique Supersegment 
 High 4He/3He ratios at the Oblique Supersegment reflect a source that is more 
degassed of primordial 3He than the canonical MORB source. Such sources are 
commonly attributed to the presence of recycled material in the mantle source (e.g., 
Graham et al., 1992; Hanyu et al., 1999; Hilton et al., 2000; Kurz et al., 1982; Moreira et 
al., 1999; Parai et al., 2009). The sample VAN7 89-02 exhibits 4He/3He that is amongst 
the most radiogenic in the study area (119,000; Table A3.1); however, 21Ne/22Ne(E) is 
only slightly nucleogenic compared to N. Atlantic popping rock (e.g., Figures 3.5, 3.6a). 
Both Oblique Supersegment samples were erupted at shallow depth (1400-2400 m), and 
hyperbolic arrays for Oblique Supersegment samples in 40Ar/36Ar – 20Ne/22Ne and 
129Xe/130Xe – 40Ar/36Ar spaces are too poor to determine 40Ar/36Ar(E) and 129Xe/130Xe(E). 
Importantly, this sample has a CO2/3He ratio of 8.4  109, which is a factor of >3 larger 
than the averages for both MORBs and OIBs (Marty and Tolstikhin, 1998). While 
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carbonate may be recycled back to the mantle in significant quantities (e.g., Dasgupta et 
al., 2004; Huang et al., 2011), 3He is not recycled back to the mantle. Consequently, the 
high CO2/3He ratio would be consistent with CO2 enrichment of the mantle source 
associated with carbonate-bearing recycled material. Elevated CO2/3He may also reflect 
shallow assimilation of altered oceanic crust (e.g., Marty et al., 2001). However, there is 
no obvious evidence of shallow crustal assimilation in Oblique Supersegment trace 
element and lithophile isotopic compositions (Standish, 2006), and so the signature of 
shallow crustal assimilation would have to be limited to CO2/3He. 
Based on major element, trace element and lithophile isotopic data, le Roex et al. 
(1992) argued that the alkali-enriched signature at the Oblique Supersegment reflected 
melting of a mantle source veined with frozen low-degree melts of Bouvet plume 
material. Such a process would generate strongly enriched major and trace element 
compositions at the Oblique Supersegment while preserving Bouvet isotopic 
compositions (le Roex et al., 1992). However, radiogenic 4He/3He and nucleogenic 
21Ne/22Ne(E) are unlikely to be generated by preferential tapping of frozen low-degree 
melts of plume material at the Oblique Supersegment. Furthermore, CO2 and He are both 
highly incompatible during partial melting and low-degree melts would not be 
sufficiently enriched in CO2/3He to account for the 10-fold enhancement in the ratios at 
the Oblique Supersegment (Figure 3.5a). Therefore, we suggest that at the Oblique 
Supersegment, a relatively degassed reservoir incorporating recycled material mixes with 
the ambient depleted mantle source. 
 
 
  76
3.5.3.3 The Orthogonal Supersegment 
The spatial gradient in 4He/3He observed along the Orthogonal Supersegment 
(Georgen et al., 2003) may reflect sampling of a peridotite mantle veined with recycled 
oceanic crust (pyroxenite), with a gradient either in pyroxenite distribution or in mantle 
temperature along the SWIR (e.g., Georgen et al., 2003; Graham et al., 2001). More 
radiogenic 4He/3He signatures in the west could reflect a greater proportion of recycled 
pyroxenite in the source, or preferential melting of pyroxenite at low temperatures. Since 
recycled oceanic crust is heavily degassed, pyroxenite veins should either have negligible 
mantle-derived 129Xe and 130Xe or should carry atmospheric 129Xe/130Xe ratios. Hence, 
we would expect either minimal variability of 129Xe/130Xe across the Orthogonal 
Supersegment or lower 129Xe/130Xe ratios in the west due to the preferential sampling of 
recycled pyroxenite veins. However, 129Xe/130Xe(E) at the western Orthogonal 
Supersegment are similar to the Equatiorial Atlantic depleted MORB and Bravo Dome 
continental well gas sources, and low 129Xe/130Xe(E) are found in the Eastern Orthogonal 
Supersegment (Figure 3.7). Therefore, we suggest that differential sampling of 
pyroxenite veins embedded in a peridotite matrix does not explain the full suite of noble 
gas observations from the Orthogonal Supersegment. 
A possible explanation for the differences in heavy noble gas composition along 
the Orthogonal Supersegment is that the eastern region samples a southern Indian Ocean 
mantle that is inherently characterized by low 40Ar/36Ar(E) and 129Xe/130Xe(E) (e.g., Sarda 
et al., 2000) compared to N. Atlantic mantle source. Thus, variation across the 
Orthogonal Supersegment could reflect sampling of distinct mantle domains in the east 
and west. In this regard, Mahoney et al. (1992) suggested that the SWIR Orthogonal 
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Supersegment contained a boundary between the Atlantic MORB mantle and the Indian 
MORB mantle domain characterized by a Dupal Pb isotopic signature (elevated 
207Pb/204Pb and 208Pb/204Pb at a given 206Pb/204Pb, compared to the Northern Hemispheric 
Reference Line; Dupre and Allegre, 1983; Hart, 1984). Compared to the western 
Orthogonal Supersegment, the Eastern Orthogonal Supersegment is characterized by a 
stronger Dupal Pb signature. The Dupal signature reflects ancient (>3 Gyr) enrichment of 
Th/U and is often attributed to the incorporation of subcontinental lithospheric mantle 
(SCLM) throughout the Indian MORB source in association with the breakup of 
Gondwanaland (Hart, 1984; Hawkesworth et al., 1986; Mahoney et al., 1992; Mahoney et 
al., 1989; Storey et al., 1989). Samples from the S. Atlantic from 42 to 50°S also exhibit 
the Dupal Pb signature (Douglass et al., 1999), and Sarda et al. (2000) argued that Dupal 
is associated with low source 40Ar/36Ar(E) based on noble gas analyses of the same 
samples (corrected for shallow-level air contamination assuming linear mixing in 
40Ar/36Ar – 20Ne/22Ne space; Sarda et al., 2000). S. Atlantic 129Xe/130Xe maximum 
measured values are also low compared to N. Atlantic popping rock; however, source 
129Xe/130Xe(E) could not be determined due to large analytical errors and small excesses 
compared to atmosphere (Sarda et al., 2000). If the Eastern Orthogonal Supersegment 
samples a Dupal mantle domain, then the observed low 40Ar/36Ar(E) and low 
129Xe/130Xe(E) associated with slightly radiogenic He and nucleogenic Ne (compared to 
the N. Atlantic popping rock source) is characteristic of Dupal mantle, consistent with 
Sarda et al. (2000).  
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3.5.3.4. Constraints on the origin of the Dupal mantle domain 
The Dupal Pb signature is commonly attributed to the incorporation of SCLM (>3 
Ga) into the southern Indian mantle source (e.g., Hart, 1984; Hawkesworth et al., 1986; 
Mahoney et al., 1992; Mahoney et al., 1989; Storey et al., 1989). Low 40Ar/36Ar ratios in 
the Dupal mantle domain could reflect evolution of SCLM with low K/36Ar, which would 
effectively freeze the MORB source mantle 40Ar/36Ar ratio at the time of SCLM 
formation (Sarda et al., 2000). However, unmodified SCLM should be characterized by 
129Xe/130Xe identical to the rest of the MORB source mantle since 129Xe/130Xe ratios 
stopped evolving ~100 Ma after the start of the Solar System, unless the SCLM is ancient 
(>4.45 Ga). If SCLM is younger than 4.45 Ga, unradiogenic Ar and Xe in the Dupal 
mantle relative to N. Atlantic or Pacific mantle could reflect incorporation of noble gases 
from a distinct, relatively undegassed reservoir into SCLM. However, we see no 
geochemical evidence in He, Ne or any of the lithophile isotopes (Standish, 2006) for the 
presence a relatively undegassed mantle plume component. Therefore, we do not discuss 
this option further.  
Alternatively, the low 40Ar/36Ar(E) and 129Xe/130Xe(E) in the Dupal mantle could 
reflect metasomatism of the SCLM by subduction zone fluids carrying atmospheric Ar 
and Xe without significant contributions of He and Ne. This conclusion would be 
consistent with recent studies indicating that atmospheric Ar and Xe are recycled into the 
mantle (Holland and Ballentine, 2006; Kendrick et al., 2011; Sumino et al., 2010). 
Furthermore, some previous studies (Matsumoto et al., 2001; Yamamoto et al., 2004) 
have argued for the introduction of atmospheric heavy noble gases into SCLM based on 
noble gas measurements in alpine peridotites and lithospheric mantle xenoliths. 
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Gautheron et al. (2005) also observed low 40Ar/36Ar ratios in SCLM xenoliths, but 
favored shallow-level atmospheric contamination to explain the observed Ar isotopic 
systematics. If the Dupal Pb signature within our study area is due to delaminated SCLM 
in the mantle source, then low 129Xe/130Xe(E) ratios in the Eastern Orthogonal 
Supersegment source require either an age of formation >4.45 Ga or more recent 
metasomatism of the SCLM by fluids carrying atmospheric Ar and Xe. 
 
3.5.4. SWIR Xe evidence for upper mantle heterogeneity, early differentiation and 
preservation of ancient mantle reservoirs 
 Xe isotopic compositions of mantle-derived rocks provide information about early 
degassing and mantle evolution, as the I-Xe and Pu-Xe systems are sensitive to the first 
~100 Ma and 500 Ma of Earth history, respectively. In contrast, the U-Xe system evolves 
throughout Earth history. Given the limited number of Xe isotopic observations from 7°E 
and the Oblique Supersegment, here we discuss only Xe data from the Orthogonal 
Supersegment. Depleted MORBs from the equatorial Atlantic (Tucker et al., 2012), N. 
Atlantic popping rock 2ΠD43 (Moreira et al., 1998; Kunz et al., 1998) and Icelandic 
basalt DICE (Mukhopadhyay, 2012) are included for comparison.  
We present the Xe data in two different Xe isotopic spaces: 136Xe/130Xe vs. 
129Xe/130Xe (Figure 3.8) and error-weighted averages in 129Xe/136Xe vs. 130Xe/136Xe 
(Figure 3.9). In 136Xe/130Xe vs. 129Xe/130Xe space, individual step-crushes define a linear 
trend (Figure 3.8) that reflects two-component mixing between the mantle source and 
atmosphere. The slope of the line is inversely proportional to 129Xe/136Xe in the mantle 
source and reflects the mantle source degassing history. For example, a mantle reservoir  
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Figure 3.8: SWIR Xe isotope systematics in 136Xe/130Xe vs. 129Xe/130Xe space for 
Orthogonal Supersegment samples. Step-crushing generates a well-defined linear mixing 
array between air and the mantle source (approximate source 129Xe/130Xe from Ar-Xe 
extrapolations; Figure 3.4). The extrapolated source 129Xe/130Xe values for Eastern 
Orthogonal Supersegment samples (yellow box) are significantly lower than the western 
Orthogonal Supersegment source (red box), and may reflect recycling of atmospheric Xe. 
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Figure 3.9: Error-weighted averages of measured 129Xe/136Xe plotted against error-
weighted average of measured 130Xe/136Xe for the SWIR Orthogonal Supersegment. Data 
from Iceland (DICE; Mukhopadhyay, 2012) and depleted equatorial Atlantic MORB 
(Tucker et al., 2012) are shown for comparison. N. Atlantic popping rock 2ΠD43 is not 
shown in this figure since 129Xe/136Xe ratios are not directly available (Moreira et al., 
1998). An advantage of the 130Xe/136Xe vs. 129Xe/136Xe plot over the 129Xe/130Xe vs. 
136Xe/130Xe representation is that the x and y errors are not as strongly correlated as in 
Figure 3.8. The atmospheric composition is indicated along with vectors representing 129I 
decay and (Pu+U) fission. Mixing in this space is linear and lines representing two-
component mixing between the measured composition and atmosphere are indicated. The 
weighted average of the measured 129Xe/136Xe ratio in the SWIR Orthogonal 
Supersegment is demonstrably distinct from the weighted average of DICE and the 
depleted equatorial Atlantic MORB samples. 
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that undergoes degassing after I and Pu are extinct will have low concentrations of 
primordial 130Xe, radiogenic 129Xe and fissiogenic 136Xe produced by extinct 244Pu. 
Addition of 136Xe from 238U fission to such a degassed source would not change the 
129Xe/130Xe ratio of the reservoir, but would increase the 136Xe/130Xe ratio. Therefore, a 
steeper slope in 136Xe/130Xe vs. 129Xe/130Xe space indicates a relatively degassed source. 
Likewise, in 129Xe/136Xe vs. 130Xe/136Xe space (Figure 3.9), a degassed source should  
have low 129Xe/136Xe and 130Xe/136Xe, since 130Xe is primordial and production of 129Xe 
stops after the first 100 Ma of Earth history.  
Figure 3.8 shows the linear array defined by the SWIR Orthogonal Supersegment 
data in 136Xe/130Xe vs. 129Xe/130Xe space. The least-squares best fit slope of 0.331 ± 0.006 
is statistically indistinguishable from the 2ΠD43 slope of 0.324 ± 0.006 (Moreira et al., 
1998; Kunz et al., 1998). However, the SWIR slope is shallower than the slope of 0.375 ± 
0.009 for the depleted equatorial MORBs (Tucker et al., 2012) and steeper than the slope 
of 0.306 ± 0.01 for Iceland (Mukhopadhyay, 2012). Likewise, the error-weighted average 
129Xe/136Xe ratio (n = 86; Figure 3.9) from the Orthogonal Supersegment is intermediate 
to Iceland (DICE; Mukhopadhyay, 2012) and the depleted equatorial Atlantic MORBs 
(Tucker et al., 2012) and well-resolved from both. Since the SWIR, DICE and equatorial 
Atlantic samples were all analyzed using the same procedure in the same laboratory, the 
differences between these three groups of basalts are not related to measurement artifacts. 
Instead, the differences must reflect different degrees of degassing of the mantle sources: 
the depleted equatorial MORB source is most degassed; the SWIR Orthogonal 
Supersegment MORB source is slightly less degassed, and the Iceland source is least 
degassed. Hence, the depleted MORBs from the equatorial Atlantic and the MORBs from 
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the SWIR Orthogonal Supersegment indicate that there are small variations in 
129Xe/136Xe even in regions removed from obvious influence of mantle plumes (Figure 
3.9). 
Mukhopadhyay (2012) argued that the Iceland and N. Atlantic popping rock 
mantle sources are distinct in 129Xe/136Xe-130Xe/136Xe space and that the two sources 
cannot be related by preferential recycling of atmospheric heavy noble gases (c.f., 
Holland and Ballentine, 2006) or by addition of fission-produced 136Xe into the Iceland 
source. The new observations from the SWIR Orthogonal Supersegment provide 
conclusive evidence for this distinction in Xe isotopic composition between MORBs and 
Iceland (Figure 3.9). Sources related by recycling of atmospheric Xe would be collinear 
with the atmospheric composition; the Iceland and SWIR mantle Xe compositions are 
clearly not collinear. We note that recycling of atmospheric volatiles to the deep Earth 
may occur, but we emphasize that differential recycling by itself cannot explain the Xe 
isotopic difference between MORBs and Iceland. Therefore, early separation of the 
reservoir supplying noble gases to the Iceland plume from the MORB source and a lower 
degree of degassing for the Iceland source are the only viable explanations for the 
differences between the Iceland plume and MORB heavy noble gas isotopic 
compositions (Mukhopadhyay, 2012). However, the persistence of mantle reservoirs 
created very early in Earth history does not necessarily imply convective isolation; rather, 
the two reservoirs may have been processed at different rates and have experienced 
limited direct mixing over Earth history (Gonnermann and Mukhopadhyay, 2009). 
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3.6. CONCLUSIONS 
 We present high-precision Ne, Ar and Xe isotopic compositions, and He, CO2, 
Ne, Ar and Xe abundances measured in basalt glasses from the SWIR between 7 and 
25°E. We find systematic and significant variations in He, Ne, Ar and Xe isotopic 
compositions across the study area. Basalts with low 4He/3He are found to be 
characterized by low source 21Ne/22Ne(E), low 40Ar/36Ar(E), and intermediate 
129Xe/130Xe(E), indicating the influence of a less-degassed reservoir in the mantle source at 
7°E. In contrast, basalts with higher 4He/3He are characterized by higher 21Ne/22Ne(E), 
40Ar/36Ar(E), and 129Xe/130Xe(E), indicating a comparatively degassed mantle source 
(Figures 3.6, 3.7). However, among MORBs removed from the influence of any known 
hotspot, we find significant variations in 40Ar/36Ar(E) and 129Xe/130Xe(E) over a limited 
range of 4He/3He and 21Ne/22Ne(E) compositions (Figures 3.6, 3.7), indicating source 
heterogeneity in Ar and Xe isotopes. The difference in 40Ar/36Ar(E) and 129Xe/130Xe(E) 
between the western and Eastern Orthogonal Supersegment reflects sampling of distinct 
mantle domains, and suggests that the Dupal mantle is characterized by low 40Ar/36Ar(E) 
and 129Xe/130Xe(E) relative to N. Atlantic and Pacific MORB mantle sources. Low 
129Xe/130Xe(E) in the Dupal mantle would indicate that Dupal cannot represent unmodified 
delaminated SCLM unless the SCLM is very ancient (>4.45 Ga). If SCLM is younger, it 
must have been metasomatized by subduction zone fluids carrying recycled atmospheric 
Ar and Xe.  
High-precision Xe isotopic measurements allow us to demonstrate that SWIR 
MORB 129Xe/136Xe-130Xe/136Xe systematics cannot be related to OIB systematics solely 
through recycling of atmospheric noble gases (Figures 3.8, 3.9). Therefore, a lower 
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degree of degassing for the plume source and limited mixing between plume and MORB 
sources over 4.45 Gyr remain the viable explanation for observed differences in MORB 
and OIB heavy noble gas compositions. 
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Chapter 4: Constraints from I-Pu-U-Xe systematics in Southwest Indian 
Ridge basalts on mantle volatile evolution and the timing of the Moon-
forming giant impact 
 
ABSTRACT 
We present high-precision measurements of the fission isotopes of xenon (Xe) in 
basalts from the Southwest Indian Ridge (SWIR) between 16 and 25°E. Corrections for 
syn- to post-eruptive atmospheric contamination yield the Xe isotopic compositions of 
SWIR mantle sources. We solve for the proportions of mantle Xe derived from the 
primordial mantle Xe budget, recycling of atmospheric Xe, decay of short-lived 129I, 
fission of extinct 244Pu and fission of extant 238U. Xe isotope systematics evident in 
SWIR basalts and other mantle-derived samples provide new insights into the integrated 
history of mantle source degassing and regassing. We find that recycled atmospheric Xe 
dominates the Xe inventories of the SWIR Western and Eastern Orthogonal 
Supersegment mantle sources (~80-90% of 132Xe is recycled in origin), consistent with 
results from studies of plume-influenced basalts from Iceland (Mukhopadhyay, 2012) and 
the Rochambeau Rift (Pető et al., 2013). The prevalence of recycled atmospheric Xe in 
mantle sources indicates incorporation of depleted recycled material into even primitive 
mantle sources; accordingly, depleted lithophile isotopic compositions in mantle sources 
with primitive He and Ne do not indicate a non-chondritic bulk silicate Earth. While 
significant regassing of the mantle is evident, we also find differences in the extent of 
degassing of the MORB and plume sources. MORB sources are consistently 
characterized by a lower fraction of fission Xe derived from Pu-fission, indicating a 
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greater extent of degassing relative to the plume source. To further investigate constraints 
from fission Xe systematics on early and long-term degassing of the upper mantle, we 
develop a parameterized two-stage model of MORB source degassing. Using the simplest 
early degassing scenario and our determinations of 129Xe*/136XePu in MORB sources, we 
compute an age of the last episode of catastrophic upper mantle outgassing of 44-70 Myr 
after the start of the Solar System. The Moon-forming giant impact therefore likely 
occurred prior to ~70 Myr.  
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4.1. INTRODUCTION 
As Earth accreted, the terrestrial volatile inventory was set by a competition 
between volatile delivery by accreting material and loss by degassing and impact-driven 
ejection to space. The early Earth environment was likely disrupted by multiple giant 
impact and atmospheric ejection events (Tucker and Mukhopadhyay, 2014). The Moon-
forming giant impact occurred in the end stages of Earth’s accretion and initiated the final 
catastrophic outgassing and bulk volatile ejection event on the early Earth. Subsequent to 
this event (Harrison, 2009), the planet settled into a regime of long-term, lower-
magnitude exchange of volatiles between the mantle and exosphere (atmosphere, oceans 
and crust) in association with plate tectonics. The chemistry of volatiles in the mantle 
today may thus provide insight into processes that shaped the volatile inventories of 
terrestrial reservoirs on a variety of timescales. 
The diverse array of radiogenic, fissiogenic and primordial isotopes of Xe serves 
as a powerful set of tools to explore the history of delivery, degassing and recycling of 
volatiles into mantle sources. The light, stable non-radiogenic isotopes 124Xe, 126Xe, 128Xe 
and 130Xe are primordial isotopes; terrestrial inventories for these isotopes were 
established during accretion. Radiogenic 129Xe was produced by β-decay of the extinct 
nuclide 129I (t1/2 = 15.7 Ma) in the first ~90 Myr of Earth history. Fissiogenic 131Xe, 
132Xe, 134Xe, 136Xe are produced in distinct, characteristic proportions by the fission of 
extinct short-lived 244Pu (t1/2 = 80.0 Myr) and extant long-lived 238U (t1/2 = 4.468 Gyr). A 
full set of Xe isotopic compositions measured in mid-ocean ridge basalts (MORBs) and 
plume-derived basalts thus provide information about the evolution of mantle source 
volatile budgets on a broad range of timescales.  
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Previous studies have demonstrated the potential for precise determinations of I-
Pu-U-Xe systematics in mantle-derived basalts to shed light on the degassing histories of 
terrestrial reservoirs. Butler et al. (1963) attributed the first resolved 129Xe excess relative 
to atmosphere in Harding County CO2 well gas to 129I decay in the early Earth, and noted 
that preservation of 129Xe excesses in the mantle indicates that the Earth’s interior was 
never completely outgassed or homogenized with the atmospheric Xe reservoir. Boulos 
and Manuel (1971) measured Harding County well gases from the Bueyeros field with 
improved precision and confirmed 129Xe excesses relative to air. The authors also 
resolved fission Xe isotope excesses relative to air in the well gas, and noted their 
average compositions were consistent with a ~1:3 mixture of Pu-fission Xe and U-fission 
Xe. The proportion of well gas fission Xe derived from 244Pu fission sets limits on the 
degassing history of the well gas mantle source since Pu-fission Xe is only produced for 
the first ~500 Myr. However, due to the large uncertainties in their measurements, Boulos 
and Manuel (1971) could not rule out either a pure Pu-fission or pure U-fission origin for 
the observed Xe excesses.  
Wetherill (1975) formulated an expression for the I-Pu-Xe “formation interval” of 
the Earth, which dates the end of accretion assuming open system quantitative degassing 
of Xe until accretion is complete, and closed system retention of Xe thereafter. Using 
existing well gas data (Boulos and Manuel, 1971; Butler et al., 1963), Wetherill (1975) 
calculated an accretion interval of 127 Myr after the formation of ordinary chondrite 
Bjurböle. Pepin and Phinney (1976) calculated a more rapid formation interval of 67 ± 20 
Myr based on additional measurements. Phinney et al. (1978) found that although no Pu-
fission contribution of 131,132,134,136Xe was required to explain their improved 
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measurements of Harding County well gases, a contribution of up to 20% Pu-fission Xe 
could be tolerated within their uncertainties.  Based on this limit, they calculated an upper 
limit formation interval of 76 Myr relative to the formation of ordinary chondrites.  
Staudacher and Allegre (1982) reported measurements of Xe isotope excesses in 
MORBs, and computed a formation interval of 50-75 Myr after the formation of 
meteorites, consistent with the results from well gases. Subsequent precise determinations 
of Xe excesses in the MORB popping rock 2ΠD43 (Kunz et al., 1998) gave a terrestrial 
formation interval of ~78 Myr after the start of the Solar System and a fraction of fission 
Xe from Pu-fission of 32 ± 10%. However, the authors noted that the model of 
quantitative outgassing during accretion and subsequent perfect retention was overly 
simplistic, and applying a two-stage exponential degassing model, suggested that 
retention of radiogenic and fissiogenic Xe began 50-70 Myr after the start of the Solar 
System.  
Lastly, based on averages of measured MORB and well gas compositions (Caffee 
et al., 1999; Kunz et al., 1998), Pepin and Porcelli (2006) calculated formation intervals 
of ~95-100 Myr for both the MORB mantle source and the atmosphere, and a distinct 
formation interval from the well gas data of 22-47 Myr. To preserve a distinct Xe isotopic 
signature indicative of a shorter formation interval (and thus less early degassing), the 
well gas mantle must have remained distinct and at least partially isolated from the 
MORB source for most of Earth history. However, well gas mantle Ne and Ar isotopes 
are indistinguishable from those observed in MORBs (e.g., Ballentine et al., 2005; 
Holland and Ballentine, 2006; Moreira et al., 1998). Combined Ne-Ar-Xe systematics 
would require that the well gas mantle source retained its distinct Xe signature from early 
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degassing but independently evolved K-Ar and U-Th-Ne systematics indistinguishable 
from the mantle source of MORBs. 
In this study, we present high-precision Xe isotopic data for a set of MORB glass 
samples dredged from the Southwest Indian Ridge between 16°E and 25°E (Figure 4.1). 
These samples are a subset of the 14 basalt glass samples from the SWIR between 7°E 
and 25°E previously analyzed for He, Ne, Ar, Xe and CO2 abundances and Ne, Ar and 
Xe (129Xe/130Xe and 136Xe/130Xe) isotopic compositions (Parai et al., 2012). Here we 
report further analyses of fission isotopes of Xe (131Xe, 132Xe, 134Xe and 136Xe) for 
samples from the SWIR Orthogonal Supersegment (Figure 4.1), a 630 km region of the 
SWIR removed from the influence of known mantle plumes. Parai et al (2012) found 
large magnitude variations in mantle source 40Ar/36Ar and 129Xe/130Xe ratios between the 
Western and Eastern Orthogonal Supersegment (where “mantle source” signifies that 
measured values are corrected for air contamination; see Section 2.1), and argued that 
these variations reflect heterogeneous incorporation of recycled atmospheric Ar and Xe 
in the SWIR MORB mantle source. 
Here we investigate the integrated history of MORB source degassing and 
regassing evident in the Xe isotope systematics of SWIR basalts. We discuss our new 
high precision data and place them in context with an overview of I-Pu-U-Xe systematics 
in other MORB and plume-derived basalts, as well as CO2-rich well gases (Holland and 
Ballentine, 2006; Mukhopadhyay, 2012; Pető et al., 2013; Tucker et al., 2012). To 
interpret our determinations of the mantle source ratios of radiogenic 129Xe* to Pu-fission 
136XePu and the fraction of fission Xe derived from Pu-fission, we develop a forward 
model of upper mantle degassing that takes into account timescales of accretion, 
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chemical fractionation during delivery of volatiles to the growing Earth, partial volatile 
retention prior to the last giant impact (≈ end of accretion), and ongoing exponential 
degassing over Earth history in association with mantle processing and plate tectonics. 
We thus harness the range of radiogenic, fissiogenic and primordial isotopes of Xe in 
order to constrain the history of volatile delivery, degassing and exchange between 
terrestrial reservoirs over Earth history. 
 
 
Figure 4.1 Map of the Southwest Indian Ridge study area. Symbols give locations of 
samples analyzed for He, CO2, Ne, Ar and Xe compositions (Chapter 3; Parai et al., 
2012). Red and yellow symbols represent samples discussed here for Xe fission isotopes. 
 
 
4.2. SAMPLES AND METHODS 
 
Xenon isotopic compositions were determined for six MORB glass samples 
dredged from the Southwest Indian Ridge between 16°E and 25°E: three samples from 
the S.A. Agulhas expedition AG22 (AG22 1-1, AG22 1-4, AG22 9-2 and AG22 13-1) 
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and two samples from the R/V Knorr expedition KN162-7 (KN162-7 11-25 and KN162-
7 22-14). Previous studies have characterized the major element, trace element and 
radiogenic lithophile isotopic compositions of these samples (Kurz et al., 1998; Mahoney 
et al., 1992; Standish, 2006; Standish et al., 2008), as well as their He, Ne, Ar, Xe and 
CO2 abundances and Ne, Ar and Xe (129Xe/130Xe and 136Xe/130Xe) isotopic compositions 
(Georgen et al., 2003; Parai et al., 2012; Standish, 2006). In this study, we focus on the 
fission isotopes of Xe (131Xe, 132Xe, 134Xe and 136Xe) in samples removed from the 
influence of known mantle plumes. We divide the study area into two regions based on 
observed variations in 40Ar/36Ar and 129Xe/130Xe isotopic composition (Parai et al., 2012): 
SWIR Western Orthogonal Supersegment (AG22 1-1, AG22 1-4 and KN162-7 11-25) 
and SWIR Eastern Orthogonal Supersegment (KN162-7 22-14, AG22 9-2 and AG22 13-
1). We have noted previously that AG22 1-1 and 1-4 overlap in every isotope space 
(Chapter 3; Parai et al., 2012). These are rocks from a single dredge and are likely to 
sample a single flow; therefore, we consider them together as a single sample in all 
computations.  
 
4.2.1 Sample preparation, gas extraction and mass spectrometry 
The largest available glass chips (3-10 mm) were targeted for rare gas analysis, 
since the largest chips may host large intact vesicles. Chips exhibiting light surface 
alteration were leached in dilute nitric acid for 10-15 minutes and ultrasonically cleaned. 
Clean glass chips were washed in acetone and dried at room temperature to limit 
diffusion and thermal stress on the vesicular glass. One to five grams of glass were 
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loaded into a stainless steel piston crusher, baked at ~90-100°C for 24 hours, and then 
pumped for an additional 7-14 days until blanks were low and stable.  
Samples were step-crushed under ultra-high vacuum using a hydraulic ram in 
order to release magmatic gases trapped in vesicles. Active gases were removed by 
sequential exposure to hot and cold SAES getters. The inert gases were trapped on a 
cryogenic cold finger and sequentially released to the mass spectrometer volume. He, Ne, 
Ar and Xe abundances and Ne, Ar and Xe isotopic compositions were measured on a Nu 
Noblesse noble gas mass spectrometer operating in multicollection mode. Data were 
obtained over 2 years in 4 sets of measurements. Procedural blanks were monitored 
during the step-crushing process. Xe blanks were typically ~2% of the measured sample 
130Xe signal. Blanks were stable, low and statistically indistinguishable from air in 
isotopic composition. All measured sample Xe isotope ratios reflect some degree of syn- 
to post-eruptive atmospheric contamination. Therefore, no blank corrections were made 
to the abundances or isotope ratios reported in Appendix 3, Table A4.1. Each sample 
step-crush was bracketed by multiple air standard runs, which were used to calibrate 
sensitivity and mass discrimination as a function of signal size. A total of 1,280 heavy 
noble gas air standard runs were analyzed over the 2 year SWIR analytical campaign, 
with signal sizes ~ 10-15 to 10-13 cc STP 130Xe. Uncertainties in the Xe isotope ratios for 
each step-crush are based on the reproducibility of air standards of comparable signal size 
analyzed within the same time period. 
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4.2.2 Corrections for syn- to post-eruptive atmospheric contamination 
Variable syn- to post-eruptive air contamination affects all measurements of Xe in 
mantle-derived rocks (e.g., Kunz et al., 1998; Moreira et al., 1998; Mukhopadhyay, 2012; 
Staudacher and Allegre, 1982; Trieloff and Kunz, 2005; Trieloff et al., 2000). Corrections 
for syn- to post-eruptive air contamination are required to accurately characterize the 
mantle source (see Chapter 3, Section 2.4). Measured values can be modeled as two-
component mixtures between the unknown mantle source isotopic composition and the 
known atmospheric composition. Well-defined mixing arrays in 129Xe/132Xe-40Ar/36Ar 
space allow us to determine mantle source 129Xe/132Xe composition by fitting and 
extrapolation to mantle source 40Ar/36Ar values, which have been determined based on 
40Ar/36Ar-20Ne/22Ne systematics (Chapter 3; Parai et al., 2012). The correction for 
atmospheric contamination is a total least-squares hyperbolic extrapolation for mantle 
129Xe/132Xe (Figure 4.2, Figure A4.1). Mantle source 130Xe/132Xe, 131Xe/132Xe, 
134Xe/132Xe and 136Xe/132Xe are determined by total least squares linear regression against 
129Xe/132Xe (Figure A4.2-A4.8) and extrapolation to the mantle source 129Xe/132Xe 
compositions. Correlated errors are taken into account after York (1969; York et al., 
2004). Mantle source Xe isotopic compositions are reported in Table 4.1. We use 132Xe 
as the normalizing isotope as it is the most abundant Xe isotope: a relatively high signal 
in the normalizing isotope reduces the uncertainty in the measured isotopic ratio and 
minimizes the error correlation between isotope ratios. Thus, 132Xe-normalized ratios 
provide the best precision in our determinations of mantle source Xe isotopic 
compositions. 
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Figure 4.2 Correction for syn- to post-eruptive atmospheric contamination to determine 
mantle source 129Xe/132Xe. For each sample, step-crushing generates an array reflecting 
variable degrees of atmospheric contamination. For samples with well-defined hyperbolic 
mixing arrays in 129Xe/132Xe – 40Ar/36Ar space, best fit hyperbolae yield extrapolated 
mantle source 129Xe/132Xe (bold open symbols) at mantle source 40Ar/36Ar values 
determined previously (Chapter 3; Parai et al., 2012). We note that for Eastern 
Orthogonal Supersegment samples, the extrapolation is not very sensitive to the mantle 
40Ar/36Ar as best fit hyperbolae asymptote with respect to the x-axis at 129Xe/132Xe values 
of ~1.06 to 1.08. In contrast, measured values in Western Orthogonal Supersegment 
sample reach 129Xe/132Xe of ~1.12. 
 
4.2.3 Linear least squares determination of initial, recycled atmospheric, Pu- and U-
fissiogenic Xe components in the SWIR mantle source 
The present-day 131,132,134,136Xe inventory in mantle sources can be modeled as a 
mixture of four components: (1) an initial Xe budget that is solar, chondritic or U-Xe 
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(a theoretical composition derived from meteorite data; Pepin, 2000) in composition; (2) 
recycled atmospheric Xe; (3) Pu-fission Xe produced within the first ~500 Myr of Earth 
history and retained in the mantle; and (4) U-fission Xe retained in the mantle. 244Pu and 
238U each produce fission 131,132,134,136Xe in characteristic proportions that are distinct 
from the 131,132,134,136Xe spectra in Earth’s atmosphere and in primitive materials such as 
carbonaceous chondrites. Accordingly, we may describe the Xe isotopic composition of 
the mantle source today with four equations of the form: 
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Eq. 4.1 
 where ζ = 130Xe, 131Xe, 134Xe and 136Xe; x is the molar mixing proportion of 132Xe; init 
designates the initial mantle composition, modeled here using either solar wind, average 
carbonaceous chondrite (AVCC) or U-Xe; atm designates recycled atmospheric Xe; Pu 
designates Pu-fission Xe; and U designates U-fission Xe. Component Xe isotopic spectra 
and references are given in Table 4.2. The 132Xe mixing proportions each fall between 0 
and 1 and sum to 1: 
0 ≤ x ≤1  Eq. 4.2 
xinit + xatm + xPu + xU =1  Eq. 4.3 
Therefore, we have four unknowns (the 132Xe mixing proportions, x) and five linear 
equations relating those unknowns. We find the linear least squares solution to this over-
determined system Ax = b, where A is a matrix of mixing endmember isotopic 
compositions (Table 4.2), b is a vector of mantle source Xe isotopic compositions, and x 
is the best fit vector of 132Xe mixing proportions. 
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Based on our solutions for the mixing proportions of initial Xe, recycled 
atmospheric Xe, Pu-fission Xe and U-fission Xe, we compute the ratios of 
136XePu/(136XePu+136XeU) and 129Xe*/136XePu: 
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Eq. 4.8 
where [132Xe] denotes the concentration of 132Xe; we note that the ratios are not 
dependent on [132Xe]. 
 The uncertainties in the mixing proportions of 132Xe are determined by Monte 
Carlo error propagation. Values for the vector of mantle source compositions b are 
randomly drawn from a population distributed normally around the best mantle source 
values with a dispersion given by the 1 sigma uncertainties reported in Table 4.3. Based 
on 1x106 random drawings of b, we collect statistics on the 1x106 corresponding solution 
vectors, x, and on the distributions of resulting ratios 136XePu/(136XePu+136XeU) and 
129Xe*/136XePu. 
 
4.3. RESULTS  
 The SWIR mantle source 129Xe/132Xe and 130,131,134,136Xe/132Xe compositions 
(corrected for syn- to post-eruptive atmospheric contamination) are shown in Figure 4.2 
and Figures A4.2-A4.8, respectively, and reported in Table 4.1. The linear least squares 
solutions for mixing proportions of 132Xe are reported in Table 4.3 and illustrated in 
Figure 4.3 and Figures A4.9-A4.10. Mixing proportion results for Equatorial Atlantic 
depleted MORB (Tucker et al., 2012) and plume-derived samples from Iceland 
(Mukhopadhyay, 2012) and the Rochambeau Rift (Pető et al., 2013) are also shown in 
Figure 4.3 for comparison. The median and 68% confidence intervals for the 
129Xe*/136XePu, 136XePu/(136XePu+136XeU) and fraction of 132Xe from recycled atmospheric 
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Figure 4.3 Pie charts illustrating the median proportions of present-day mantle 132Xe 
derived from recycled atmosphere, initial mantle (solar wind shown here; see Figures 
A4.9 and A4.10 for AVCC and U-Xe results), U-fission and Pu-fission in SWIR Western 
and Eastern Orthogonal Supersegment mantle sources. Results for Equatorial Atlantic 
depleted MORB (Tucker et al., 2012), Rochambeau Rift (Pető et al., 2013) and Iceland 
(Mukhopadhyay, 2012) are shown for comparison. Recycled atmospheric Xe uniformly 
dominates the mantle Xe budget (percentages given in white). Fission Xe in the mantle 
sources of plume-influenced basalts is primarily derived from Pu-fission. 
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Xe for SWIR West and SWIR East are shown in Figures 4.4, 4.5 and 4.6, along with 
results for Equatorial Atlantic depleted MORBs (Tucker et al., 2012). Results for plume-
influenced samples from Iceland (Mukhopadhyay, 2012) and the Rochambeau Rift (Pető 
et al., 2013) are also shown for comparison in Figures 4.4–4.6. 
Our results indicate that mantle source 132Xe budgets are uniformly dominated by 
the recycled atmospheric component (Figures 4.3, 4.6). 80% of the 132Xe in the SWIR 
Western Orthogonal Supersegment mantle source and 88% of the 132Xe in the SWIR 
Eastern Orthogonal Supersegment mantle source is recycled atmospheric Xe (using solar 
wind as the initial mantle Xe). Similarly, 89% of the 132Xe in the Equatorial Atlantic 
depleted MORB source is recycled atmospheric Xe (Tucker et al., 2012). Samples from 
sources influenced by mantle plumes have 84% (Rochambeau Rift; Pető et al., 2013) and 
96% (Iceland; Mukhopadhyay, 2012) of 132Xe derived from recycled atmosphere. Thus, 
even in samples with the most primitive Ne isotopic compositions, more than 80% of the 
Xe is recycled atmospheric Xe. 
129Xe*/136XePu in the SWIR mantle sources are 7.3 -2.3
+6.6 (68% confidence intervals) 
for SWIR Western Orthogonal Supersegment and 7.1 -2.3
+6.5 for SWIR Eastern Orthogonal 
Supersegment using solar wind for the initial mantle Xe (Table 4.3; Figure 4.4). These 
ratios are consistent with values of 9.0 -3.3
+9.4 computed for Equatorial Atlantic depleted 
MORBs. We use SWIR Western and Eastern Orthogonal Supersegment 129Xe*/136XePu 
values together with Equatorial Atlantic depleted MORB (Tucker et al., 2012) 
129Xe*/136XePu to compute an error-weighted average value for MORBs of 7.8 -1.8
+3.1with 
solar wind as the initial mantle Xe (Table 4.3; Figure 4.7) Using average carbonaceous 
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Figure 4.4 Medians and 68% confidence intervals determined by Monte Carlo error 
propagation for 129Xe*/136XePu are shown for SWIR Western Orthogonal Supersegment, 
SWIR Eastern Orthogonal Supersegment and Equatorial Atlantic (Tucker et al., 2012) 
MORB sources. Results for mantle sources of plume-influenced basalts from the 
Rochambeau Rift (Pető et al., 2013) and Iceland (Mukhopadhyay, 2012) are shown for 
comparison. Results using AVCC (open symbols; top), solar wind (crossed symbols; 
middle) and U-Xe (dotted symbols; bottom) for the initial mantle Xe are indicated. 
Regardless of the choice of initial mantle Xe (AVCC, solar wind or U-Xe), mantle 
sources of plume-influenced basalts are uniformly characterized by lower 129Xe*/136XePu 
values (medians range from ~2.5-6) relative to MORB sources (medians range from ~7-
11). 
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Figure 4.5 Medians and 68% confidence intervals determined by Monte Carlo error 
propagation for the fraction of fission Xe derived from Pu-fission, 
136XePu/(136XePu+136XeU), are shown for SWIR Western Orthogonal Supersegment, SWIR 
Eastern Orthogonal Supersegment and Equatorial Atlantic (Tucker et al., 2012) MORB 
sources. Results for mantle sources of plume-influenced basalts from the Rochambeau 
Rift (Pető et al., 2013) and Iceland (Mukhopadhyay, 2012) are shown for comparison. 
Symbols as in Figure 4.4. Regardless of the choice of initial mantle Xe (AVCC, solar 
wind or U-Xe), mantle sources of plume-influenced basalts are uniformly characterized 
by higher 136XePu/(136XePu+136XeU) values (medians range from ~0.49-1.0) relative to 
MORB sources (medians range from ~0.22-0.37). 
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Figure 4.6 Medians and 68% confidence intervals determined by Monte Carlo error 
propagation for the proportion of mantle 132Xe derived from recycled atmosphere are 
shown for SWIR Western Orthogonal Supersegment, SWIR Eastern Orthogonal 
Supersegment and Equatorial Atlantic (Tucker et al., 2012) MORB sources. Results for 
mantle sources of plume-influenced basalts from the Rochambeau Rift (Pető et al., 2013) 
and Iceland (Mukhopadhyay, 2012) are shown for comparison. Symbols as in Figure 4.4. 
Recycled atmospheric Xe dominates the present-day mantle Xe budget. We note that 
regardless of the choice of initial mantle Xe (AVCC, solar wind or U-Xe), the Eastern 
Orthogonal Supersegment consistently exhibits a higher proportion of recycled 
atmospheric Xe relative to the Western Orthogonal Supersegment. This observation 
supports the interpretation that large variations in SWIR Orthogonal Supersegment 
40Ar/36Ar and 129Xe/130Xe reflect heterogeneous incorporation of recycled atmospheric 
heavy noble gases (Chapter 3; Parai et al., 2012).  
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Figure 4.7 Error-weighted averages and 68% confidence intervals for 129Xe*/136XePu in 
MORB sources (this study; Tucker et al., 2012) and the sources of plume-influenced 
basalts (Mukhopadhyay, 2012; Pető et al., 2013). Regardless of the choice of initial 
mantle Xe (AVCC, solar wind or U-Xe), mantle sources of plume-influenced basalts are 
uniformly characterized by lower 129Xe*/136XePu values relative to MORB sources. 
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Figure 4.8 Error-weighted averages and 68% confidence intervals for 
136XePu/(136XePu+136XeU) in MORB sources (this study; Tucker et al., 2012) and the 
sources of plume-influenced basalts (Mukhopadhyay, 2012; Pető et al., 2013). Regardless 
of the choice of initial mantle Xe (AVCC, solar wind or U-Xe), mantle sources of plume-
influenced basalts are uniformly characterized by higher 136XePu/(136XePu+136XeU) values 
relative to MORB sources. 
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chondrite as the initial mantle Xe, 129Xe*/136XePu values of 11 -4.8
+40, 8.3 -3.2
+14.3 and 9.5 -3.9
+11 are 
computed for the SWIR Western Orthogonal Supersegment, Eastern Orthogonal 
Supersegment and Equatorial Atlantic depleted MORBs, respectively, giving an error-
weighted MORB average 129Xe*/136XePu of 9.4 -2.7
+5.5 using AVCC as the mantle initial 
(Table 4.3). These estimates agree within error, indicating computed 129Xe*/136XePu 
values are not strongly dependent on the choice of the mantle initial Xe component 
(Figures 4.4 and 4.7).  
136XePu/(136XePu+136XeU) in the SWIR mantle sources are 0.37 -0.17
+0.15 for SWIR 
Western Orthogonal Supersegment and 0.36 -0.16
+0.15 for SWIR Eastern Orthogonal 
Supersegment, using solar wind for the initial mantle Xe (Table 4.3; Figure 4.5). These 
ratios are consistent with values of 0.27 -0.13
+0.15 computed for Equatorial Atlantic depleted 
MORBs (Tucker et al., 2012), and give an error-weighted MORB average 
136XePu/(136XePu+136XeU) of 0.33 -0.09
+0.09 (Figure 4.8). The values for plume-influenced 
mantle sources are 0.97 -0.14
+0.03for Rochambeau Rift (Pető et al., 2013) and 0.65 -0.19
+0.31 for 
Iceland (Mukhopadhyay, 2012), giving a plume-influenced mantle error-weighted 
average of 0.96 -0.17
+0.03 using solar wind as the initial mantle Xe (Table 4.3). Computed 
136XePu/(136XePu+136XeU) values are relatively insensitive to the choice of mantle initial 
Xe component (Figures 4.5 and 4.8). We note that MORB source 
136XePu/(136XePu+136XeU) ratios are consistently lower than plume source values. 
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4.4. A TWO-STAGE MODEL OF MORB SOURCE DEGASSING 
In order to interpret the 129Xe*/136XePu and 136XePu/(136XePu+136XeU) ratios we 
have determined for MORB mantle sources (Figures 4.4, 4.5, 4.7 and 4.8), we develop a 
parameterized two-stage MORB source degassing model to explore both the early 
volatile evolution of the planet during accretion and the long-term history of degassing 
associated with mantle processing and plate tectonics. Our approach is to forward model 
upper mantle degassing throughout Earth history to identify regions of parameter space 
that are able to satisfy our constraints on the present-day 129Xe*/136XePu and 
136XePu/(136XePu+136XeU) ratios simultaneously. Additional constraints from 129Xe/130Xe 
and 4He/3He may be applied to further test the parameter space under consideration. 
Our two-stage degassing model incorporates 14 independent parameters (Table 
4.4). We model accretion as a continuous function with 1 free parameter, though we may 
also use model outputs from N-body simulations of planetary growth for the mass of the 
growing Earth as a function of time (e.g., O'Brien et al., 2006; Raymond et al., 2009; 
Walsh et al., 2011). As the Earth accretes, 4 independent parameters describe I and Xe 
delivery to the mantle before and after the last giant impact (LGI): the delivery 
parameters delI_preLGI, delI_postLGI, delXe_preLGI and delXe_postLGI vary from 0 to 
1 and define the partitioning of accreted I and Xe between the mantle and the surface 
reservoir, where 0 signifies that all I or Xe is sequestered in the surface reservoir and 1 
signifies that all I or Xe is delivered to the mantle. Since some portion of the surface 
iodine budget may eventually be recycled to the interior over time (we take the MORB 
mantle and crust together to have bulk 7 ppb I; Deruelle et al., 1992), the delI parameters 
give the effective mantle-surface I partitioning during the lifetime of 129I.  Delivered Xe  
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is tracked separately from radiogenic 129Xe* produced within the mantle. Six independent 
parameters describe the retention of I and Xe in the growing mantle before, during and 
after the last giant impact event (retI_preLGI, retI_LGI, retI_postLGI, retXe_preLGI,
retXe_LGI and retXe_postLGI), where a retXe value of 0.99 indicates that 1% of the 
mantle Xe budget is lost at each time step. The early degassing regime (stage 1) is driven 
by energetic accretionary impacts; after accretion is complete, the model shifts to a long-
term degassing regime (stage 2) driven by mantle processing (described by two 
parameters: the mass of the MORB mantle reservoir, Mres, and the number of reservoir 
masses processed over 4.567 Gyr, Nres) and crustal growth associated with plate tectonics 
(1 parameter). Table 4.4 gives a brief description and the value range for each of the 14 
parameters. Below we describe the two-stage model setup in detail and compare it with 
previous models of early terrestrial degassing. We then present model results to explore 
the key parameters that control volatile evolution in the MORB source mantle.  
 
4.4.1 Model details 
4.4.1.1 Early degassing stage 
During the early degassing stage, volatiles are delivered to the mantle by 
accreting material but are also lost from the mantle by degassing. For each volatile 
species, independent parameters describe delivery and retention before and after the LGI, 
as well as retention during the LGI (Table 4.4). Earth’s accretion is modeled as 
exponential growth parameterized by an accretion time constant α (Equation 4.9). The 
last giant impact event is constrained to the time period between 99% and 99.9% MEarth 
accretion, since late accretion of material is limited to 0.1-1% MEarth added after the last 
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giant impact based on the abundance pattern of highly siderophile elements (e.g., Bottke 
et al., 2010; Jacobson et al., 2014). Thus, the candidate LGI age range for a given model 
realization is set by the accretion time constant. The planet remains in the early degassing 
regime until it has accreted 99.99% MEarth, at which point accretion is considered 
complete (see illustration in Figure 4.9).  
MEarth t  = 1 - e-t/α  Eq. 4.9 
 
Figure 4.9 Illustration of early degassing stage for an accretion time constant of α = 11 
Myr. The last giant impact occurs while the planet is between 99% and 99.9% accreted, 
such that the mass of material added to the Earth subsequent to the LGI is 0.1-1%. 
Therefore, in this example, candidate LGI ages range from 51 Myr (green box) to 76 Myr 
(yellow box) with 1 Myr time steps (blue hatch marks). For the time period prior to the 
last giant impact, pre-LGI parameters for I, Xe delivery and retention are applied (orange 
band). During the last giant impact, LGI I and Xe retention parameters are used (blue 
dashed line). After the last giant impact, post-LGI parameters are used (purple band) until 
the planet is 99.99% accreted (red box), at which point the early degassing stage ends. 
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The concentrations of 129I, 244Pu, 238U, radiogenic 129Xe*, fissiogenic 136XePu, 
fissiogenic 136XeU, delivered 129Xedel and delivered 130Xedel are tracked throughout the 
early degassing period (see Equations 4.10-4.19 below).  Accreting material is assumed 
to have 7 ppb 127I (Deruelle et al., 1992; Palme and O'Neill, 2004) and an initial 129I/127I 
ratio of 1.1x10-4 (Hohenberg et al., 1967). The small amount of material accreted after the 
last giant impact is modeled as more volatile-rich, with 450 ppb 127I (based on the 
abundance in carbonaceous chondrites; McDonough and Sun, 1995). Incoming material 
has a U concentration corresponding to the present-day bulk silicate Earth 21 ppb U 
(McDonough and Sun, 1995; Palme and O'Neill, 2004), and the 244Pu concentration is 
computed assuming an initial 244Pu/238U of 0.0068 (Hudson et al., 1989). The 
concentration of radiogenic 129Xe* evolves based solely on radioactive production and 
degassing (Equation 4.13); delivered 129Xedel and 130Xedel are tracked separately 
(Equations 4.18-4.19) to test whether sufficient radiogenic 129Xe* is retained in the 
mantle to raise the mantle 129Xe/130Xe above the delivered 129Xedel/130Xedel of 6.436 (Q-
Xe component; Pepin and Porcelli, 2006) to 129Xe/130Xe values inferred for the ancient 
MORB mantle (~14; Mukhopadhyay et al., in prep). The concentrations of Pu and U are 
affected only by radioactive decay; all accreted Pu and U is delivered to the mantle and 
no outgassing of these refractory species occurs (Equations 4.14 and 4.16). 
Concentrations of fissiogenic 136XePu and 136XeU evolve based solely on production by 
spontaneous fission and degassing (Equations 4.15-4.17). The 11 free parameters that 
describe the early degassing period are summarized in Table 4.4 along with the total 
range of variation allowed in each parameter.  
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Equations describing the concentration of each species at a given time based on 
the previous time step are given below (Equations 4.10-4.19). Radioactive decay 
constants and fission yields are given in Table 4.5. As the decay of very short-lived 
species requires relatively fine time resolution, time evolution is modeled numerically 
with 0.01 Myr time steps in this early period. We assume that for each species, the 
degassing flux at any time is proportional to the abundance at that time, consistent with 
degassing based on solubility in a magma ocean environment. Degassing is described by 
a retention factor, where a retention factor of 0.99 signifies that at each time step, 99% of 
the gas is retained and 1% of the gas is lost by degassing. Independent variation in the 
retention of I and Xe allows exploration of the effect of I/Xe fractionation due to 
degassing, while independent variation in delivery parameters for I and Xe allow us to 
explore the effect of I/Pu and I/Xe fractionation upon delivery. At each time step, the 
overall concentration of a species is the mass-weighted average of the concentration in 
proto-planet (controlled by radioactive decay and retention) and the concentration in the 
delivered material.  
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dt =tnow- tlast Eq. 4.10 
dM =Mnow- Mlast Eq. 4.11 
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Eq. 4.19 
  
For species affected by delivery and retention parameters, the time evolution of 
concentration is computed using the pre-LGI parameter values until the time of the last 
giant impact. For the time step of the last giant impact, LGI parameter values are used, 
and subsequent evolution is computed using the post-LGI parameter values until 
accretion is complete (99.99% MEarth). We determine species evolution curves for each 
candidate LGI age between the time of 99% accretion and 99.9% accretion, with 1 Myr 
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resolution on candidate LGI ages (Figure 4.9). Consequently, model output from the 
early degassing period gives the concentrations of all tracked species at the time of 
99.99% accretion as a function of the age of the LGI.  
 
4.4.1.2 Long-term degassing stage 
The results from the early degassing stage are input to a long-term degassing and 
chemical evolution model that tracks mantle processing at mid-ocean ridges and the 
partial sequestration of Pu and U in the continental crust over time. Long-term mantle 
evolution of 244Pu, 238U, 235U, 232Th, fissiogenic 136XePu, fissiogenic 136XeU and 
radiogenic 4He are computed using Equations 4.20-4.31. Since the early degassing stage 
may end as early as 27 Myr after the start of the Solar System (the time of 99.99% 
accretion using an accretion time constant α = 3 Myr; Equation 4.9), evolution of 129I and 
129Xe* is also tracked throughout the long-term model (Equations 4.32-4.33). Lastly, we 
keep track of the degassing of primordial 3He, delivered 130Xedel and 129Xedel to give a 
sense of the mantle 4He/3He and 129XeT/130Xe ratio (129XeT = radiogenic 129Xe* + 
delivered 129Xedel) as a function of time given the long-term degassing parameters 
(Equations 4.34-4.36). Three parameters are used to explore the degassing of noble gases 
and the extraction of incompatible refractory elements from the MORB source over time: 
the mantle processing rate is parameterized based on the mass of the MORB source 
reservoir (Mres) and the number of reservoir masses processed over Earth history (Nres), 
while the extraction of incompatible refractory elements is modeled based on a 
continental crust growth model (CCmodel). 
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Equations 4.25–4.36 describe the concentration of each species at a given time 
based on the concentrations at the previous time step. Radioactive decay constants and 
fission yields are given in Table 4.5. We assume that Xe and He are perfectly 
incompatible during partial melting, such that degassing due to mantle processing reduces 
the concentration of Xe or He by the fraction 𝑑𝑀/𝑀!"# at each time step. For instance, if 
0.001% of the mass of the MORB source reservoir is processed in a given time step, then 
the concentration of 3He in the bulk MORB source is reduced by 0.001% in that time 
step. U and Pu are also highly incompatible; however, the extraction of U, Th and Pu 
from the mantle at mid–ocean ridges is offset by recycling of U-, Th- and Pu-rich 
sediment at subduction zones at each time step. In order to model the net extraction of U, 
Th and Pu from the mantle, U, Th and Pu loss at each time step directly tracks continental 
crustal growth over time (Equations 4.23-4.28). 
  
  4.4.1.2.1 Mantle processing 
The mantle processing rate is modeled as an exponential decay anchored to the 
present-day MORB source processing rate, assuming on average 10% partial melting at 
mid-ocean ridges (21 km3/yr MORB production rate corresponds to 6.1×1017 g mantle 
processed per year). Equation 4.20 gives the mantle processing rate, 𝑀, as a function of 
time, t. The expression for the amount of mass processed over a given time interval is 
given in Eq. 4.21. For each model realization, T is the duration of the long-term 
degassing stage (4.567 Gyr minus the time of 99.99% accretion) and η is a unitless 
parameter that is adjusted to control the total mantle mass processed over T years (a 
special case of Eq. 4.21 given by Eq. 4.22). We solve for the values of η that correspond 
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to Nres = [2,3,4,5,6,7,8,9,10,15] reservoir masses processed over T years, given a MORB 
source reservoir mass of Mres = 2×1027 g, 3×1027 g and 3.6×1027 g (50%, 75% and 90% of 
the mass of the whole mantle).  
M t  = Mprese
η(T-t)
T  Eq. 4.20 
mass processed between t1 and t2: dMt1
t2 = Mpres
T
η e
η(T-t1)
T   - eη(T-t2)T  Eq. 4.21 
total mass processed over T years: dM0
T = Mpres
T
η e
η-1  Eq. 4.22 
 
4.4.1.2.2 Continental crust growth models 
We use three crustal growth models to test a range of growth rates similar to those 
proposed in the literature (Figure 4.10; e.g., Dhuime et al., 2012; McLennan and Taylor, 
1982; Pujol et al., 2013). Two sigmoidal growth curves are adopted: one with relatively 
rapid growth (CCmodel 1) and one with more protracted crustal growth (CCmodel 2). 
CCmodel 3 builds the continental crust at a constant rate (linear growth) beginning 300 
Myr after the start of the Solar System. We assume that the extraction of U and Pu is 
directly proportional to the extraction of continental crust from the MORB source 
reservoir over time. For each combination of Mres and CCmodel, we solve for the unique 
scaling factor Q that yields a present-day U concentration of 1.3 ppm U (Rudnick and 
Gao, 2003) in the continental crust reservoir (mass 2.2×1025 g; McLennan and Taylor, 
1982; Rudnick and Gao, 2003) given a total bulk MORB source and continental crust U 
concentration equal to the bulk silicate Earth value of 21 ppb U (McDonough and Sun, 
1995; Palme and O'Neill, 2004). We assume that Pu and U are not fractionated from one 
another by crustal extraction; thus, Pu extraction tracks U extraction based on the atomic 
 126 
ratio of the two radioactive species at any given time. The expressions for the extraction 
of U, Pu and Th from the MORB source are given in Equations 4.25-4.28. 
 
 
Figure 4.10 Continental crust growth models used for the long-term degassing stage. 
238U, 235U and 232Th (and a small amount of 244Pu) extraction from the mantle by partial 
melting is offset by recycling of sediments at subduction zones at each time step. We 
model net extraction of U, Th and Pu from the mantle as linearly tracking continental 
crust growth over time (Equations 4.23-4.28). Three continental crust growth models are 
adopted: two sigmoidal curves that approximate literature continental crust growth curves 
(e.g., Dhuime et al., 2012; Pujol et al., 2013) and one linear growth curve. 
 
dCC = CCnow   −  CClast Eq. 4.23 
dUCC = Q * dCC 
where Q is the scaling factor for 238U extraction for a given Mres and CC model 
Eq. 4.24 
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U238 now = U
238
laste
!λ238dt   − dUCC Eq. 4.25 
Pu244 now = Pu
244
laste
!λ244dt   −  Pu244
U238 now
 * dUCC 
Eq. 4.26 
𝑈!"# !"# = 𝑈!"# !"#$𝑒!!!"#!" − 𝑈!"#𝑈!"# !"# ∗ 𝑑𝑈!!  Eq. 4.27 
𝑇ℎ!"! !"# = 𝑇ℎ!"! !"#$𝑒!!!"!!" − 𝑇ℎ!"! 𝑈!"# !"# ∗ 𝑑𝑈!! Eq. 4.28 
𝑋𝑒!"#!!"# = 𝑋𝑒!"#$!!"# + 𝑈!"# !"#$ ∗ 1 − 𝑒!!!"#!" ∗ 𝑌!"#! ∗ 1 − 𝑑𝑀𝑀!"#  Eq. 4.29 
𝑋𝑒!"#!"!"# = 𝑋𝑒!"#$!"!"# + 𝑃𝑢!"" !"#$ ∗ 1 − 𝑒!!!""!" ∗ 𝑌!"#!" ∗ 1 − 𝑑𝑀𝑀!"#  Eq. 4.30 𝐻𝑒!"#! = 𝐻𝑒!"#$! + 8 ∗ 𝑈!"#$ 1− 𝑒!!!"#!"!"# + 7 ∗ 𝑈!"#$ 1− 𝑒!!!"#!"!"#
+ 6 ∗ 𝑇ℎ!"#$ 1− 𝑒!!!"!!"!"! ∗ 1− 𝑑𝑀𝑀!"#  
 
Eq. 4.31 
𝐼!"# !"# = 𝐼!"# !"#$ ∗ 𝑒!!!"#!" Eq. 4.32 
𝑋𝑒!"#!"#!"# = 𝑋𝑒!"#$!"#!"# + 𝐼!"#$(1− 𝑒!!!"#!")!"# ∗ 1− 𝑑𝑀𝑀!"#  Eq. 4.33 𝐻𝑒!"#! = 𝐻𝑒!"#$! ∗ 1− 𝑑𝑀𝑀!"#  Eq. 4.34 𝑋𝑒!"#!"#!"# = 𝑋𝑒!"#$!"#!"# ∗ 1− 𝑑𝑀𝑀!"#  Eq. 4.35 𝑋𝑒!"#!"#!"# = 𝑋𝑒!"#$!"#!"# ∗ 1− 𝑑𝑀𝑀!"#  Eq. 4.36 
The range in half-lives of tracked radioactive species necessitates a tailored time 
step scheme for the long-term chemical evolution model: the time step must be fine 
enough to accurately capture radioactive decay of short-lived 129I and 244Pu early in Earth 
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history; however, subsequent to the extinction of 129I and 244Pu, a very fine time step is 
not required for accuracy and imposes a high computational cost. We carried out 
convergence tests in order to determine the optimal time resolution scheme that 
accurately captures decay of I, Pu, U, Th to at least three significant figures. Based on 
this analysis, the time step is 0.1 Myr from the time accretion has completed until 200 
Myr after the start of the Solar System; 1 Myr until 1.3 Gyr after the start of the Solar 
System; and 5 Myr through the rest of Earth history to 4.567 Gyr. 
 
4.4.2 Comparison with previous early Earth degassing models 
 In the classical view of early Earth degassing and I-Pu-Xe systematics, outgassing 
during accretion effectively removes all gaseous species from the silicate Earth until 
accretion is complete, after which point the mantle retains all radiogenic and fissiogenic 
Xe (e.g., Pepin and Phinney, 1976; Pepin and Porcelli, 2006; Phinney et al., 1978; 
Staudacher and Allegre, 1982; Wetherill, 1975). This view is overly simplistic: for 
example, such a model does not address observations of solar-like primitive He and Ne 
isotopic compositions in plume-related basalts (e.g., Harrison et al., 1999; 
Mukhopadhyay, 2012; Stuart et al., 2003; Yokochi and Marty, 2004), which indicate at 
least partial retention of volatiles acquired by equilibration with an early solar nebular 
atmosphere (e.g., Harper and Jacobsen, 1996; Tucker and Mukhopadhyay, 2014; 
Yokochi and Marty, 2004). Likewise, the classical model neglects the onset of low-
magnitude outgassing associated with mantle processing within the lifetime of 244Pu (e.g., 
Pepin and Phinney, 1976; Phinney et al., 1978; Staudacher and Allegre, 1982; Wetherill, 
1975). Calculations of an I-Pu-Xe “formation interval” or “closure age”  (used 
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interchangeably to describe the classical model) assume that any radiogenic 129Xe* and 
fissiogenic 136XePu generated prior to the time of closure was lost by degassing; thus, all 
radiogenic and Pu-fission Xe in the mantle today was generated by radioactive decay in 
the mantle subsequent to the end of accretion (Equation 4.37). Using our result for the 
68% confidence interval on the weighted average MORB source 129Xe*/136XePu with 
solar wind initial mantle Xe, we compute a classical “closure age” range for the upper 
mantle of 53–70 Myr. Our results for average carbonaceous chondrite initial mantle Xe 
yield a classical “closure age” range of 44–66 Myr. These ages are significantly older 
than the MORB source closure age of ~100 Myr computed by Pepin and Porcelli (2006). 
Our results are similar to some previous estimates of closure age from both MORBs and 
well gases (~50-75 Myr; e.g., Kunz et al., 1998; Pepin and Phinney, 1976; Staudacher 
and Allegre, 1982); however, we note that these authors used atmospheric Xe as the 
initial mantle Xe budget and are therefore not directly comparable. 
𝑡!"#$%&' = 1𝜆!"" − 𝜆!"#×𝑙𝑛
𝑋𝑒∗!"#𝑋𝑒!"!"# 𝑈!"# 𝐼!"# ! 𝑃𝑢!"" 𝑈!"# ! 𝑌!"#!"𝐼!"#𝐼!"# !  
 
Eq. 4.37 
 
We note that we are able to reproduce the classical “closure age” determination 
by forward modeling with an extremely short accretion time constant (α = 0.01 Myr), 
assuming perfect delivery and retention of I at all times and a Xe retention parameter that 
switches from 0 to 1 at the candidate time of closure (see Table 4.4; classical degassing 
parameters). Ignoring degassing associated with mantle processing and any crustal 
growth prior to the time of 244Pu extinction (i.e., neglecting the long-term degassing 
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stage), we compute 129Xe*/136XePu for a range of candidate closure ages and find that 
ages in the range 53-70 Myr generate 129Xe*/136XePu corresponding exactly to our 68% 
confidence interval on the weighted average MORB source 129Xe*/136XePu (Table 4.3, 
Figure 4.7; solar wind initial mantle Xe). The relationship between closure age and 
129Xe*/136XePu is illustrated in Figure 4.11: early closure yields a higher 129Xe*/136XePu as 
more 129I is present at the time of closure to produce 129Xe. 
 
Figure 4.11 Forward modeled 129Xe*/136XePu as a function of time of closure using 
classical early degassing model parameters (Table 4.4). We are able to reproduce the 
solutions for tclosure attained by using the analytical expression given in Equation 4.37 and 
the 68% confidence interval limits for average MORBs (Figure 4.7; solar wind initial 
mantle Xe). 129Xe*/136XePu decreases as a function of the time of closure, because less 
129I is live when the mantle begins to retain Xe. 
 
Jacobsen and Harper (1996) developed analytical expressions relating 
129Xe*/136XePu  and 136XePu/(136XePu+136XeU) to the mean time of accretion, which 
12
9 X
e*
/13
6 X
e P
u 
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enabled consideration of continuous accretion in their early degassing model. The authors 
noted that I-Pu-Xe systematics only date the end of accretion if Xe is strongly degassed 
by the impact process; if radiogenic and fissiogenic Xe are not strongly degassed from 
impactors, then the system partially reflects the age of gas-dust fractionation in the proto-
planetary disk rather than the end of accretion. Our model includes tools for exploration 
of I/Xe fractionation during delivery through the delI and delXe parameters. Delivered 
129Xe includes some radiogenic 129Xe produced within the impactor and some primordial 
129Xe. However, the proportion of delivered 129Xe that is primordial is poorly constrained 
at present. Therefore, while a treatment of partial (rather than total) I/Xe fractionation 
during accretion warrants further study, it beyond the scope of the current undertaking, 
and we use only radiogenic 129Xe* grown within the mantle to calculate 129Xe*/136XePu.  
Porcelli et al. (2001) noted that the presence of stable, non-radiogenic isotopes of 
Xe in the mantle with isotopic compositions distinct from air indicated partial retention of 
Xe in the mantle during accretion. Accordingly, the authors presented a model in which 
the Earth initially behaves as a closed system that retains all radiogenic and fissiogenic 
Xe. At some time tLGI, the Moon-forming giant impact drives a discrete instantaneous 
partial depletion event, in which only some fraction f of the mantle Xe budget is retained. 
Subsequent to the instantaneous depletion event, the mantle again behaves as a closed 
system. We are able to reproduce the results of Porcelli et al. (2001) with our two-stage 
degassing model by prescribing a rapid accretion time constant (0.01 Myr), perfect 
delivery and retention of I (delI and retI = 1), and perfect Xe retention at all times except 
for the time of the LGI, at which the Xe retention is set to f (i.e., retXe_preLGI = 1; 
retXe_LGI = f; retXe_postLGI = 1). We will refer to similar scenarios in which efficient 
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retention is punctuated by strong outgassing at the time of the LGI as discrete loss event 
(DLE) scenarios. We again neglect degassing associated with mantle processing and 
sequestration of Pu in the growing continental crust prior to the time of 244Pu extinction. 
Our results are shown as filled contours in Figure 4.12 with the contoured results of 
Porcelli et al. (2001) overlain as thick dashed lines. The authors estimated a mantle 
129Xe*/136XePu of 3.5-10 based on the Bravo Dome well gas data available at the time; we 
highlight our average MORB source 68% confidence interval in the figure as well. We 
note that for DLE scenarios, it is possible to preserve high 129Xe*/136XePu ratios (>15) for 
relative late closures ages (>100 Myr); these systematics will be examined further in 
Section 4.4.3.3.  
Azbel and Tolstikhin (1993) provide a very comprehensive treatment of I-Pu-U-
Xe systematics. The authors explore a large number of parameters to account for the 
timescale of accretion, core formation, mantle differentiation and atmospheric escape, 
and track chemical fluxes between the atmosphere, crust, upper mantle, lower mantle and 
core over time. Based on their model, Azbel and Tolstikhin (1993) argue that I-Xe 
systematics do not provide strong constraints on the timescale of accretion. Instead, the 
authors argue that Pu-U-Xe systematics indicate a relatively slow timescale of accretion, 
as a low 136XePu/(136XePu+136XeU) value in the mantle may be attributed to low retention 
of Pu-fission Xe in a slowly-accreting early Earth. However, we note that MORB source 
136XePu/(136XePu+136XeU) values reflect the integrated history of MORB mantle degassing, 
and that low 136XePu/(136XePu+136XeU) may be explained by long-term outgassing of Xe in 
association with plate tectonics and ongoing ingrowth of U-fission Xe. Our model shares 
some common features with the Azbel and Tolstikhin (1993) model: after accretion is 
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Figure 4.12 Forward modeled 129Xe*/136XePu contoured as a function of the time of the 
last giant impact (tLGI) and the fraction of Xe retained during a discrete loss event-type 
LGI (adapted from Porcelli et al., 2001). Xe is quantitatively retained before and after the 
LGI in this type of model (retXe_preLGI = retXe_postLGI = 1). Our model results are 
shown as filled color contours, and agree well with the results obtained by Porcelli et al. 
(2001; overlain as thick dashed black contours). We use 13 ppb 127I for this computation 
in order to provide a direct comparison with Porcelli et al. (2001). The limits of the 
MORB source 68% confidence intervals given in Figure 4.7 (for all initial mantle Xe 
compositions) are highlighted. For discrete loss events, it is possible to preserve high 
129Xe*/136XePu at relatively late tLGI > 100 Myr (Section 4.4.3.3). 
 
 complete, we transition to a model of long-term degassing associated with mantle 
processing and account for the concurrent sequestration of Pu and U in the growing 
continental crust. However, we exclude processes that are unlikely to play a significant 
role in I-Pu-U-Xe systematics, such as the segregation of Earth’s metallic core. We also 
opt for a more permissive approach to modeling I-Pu-U-Xe systematics with a large 
number of free parameters: since delivery, degassing and mantle processing are very 
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poorly constrained, our approach is to allow the parameters to vary freely and to rule out 
regions of parameter space that are unable in any circumstances to satisfy our observed 
constraints on I-Pu-U-Xe systematics. 
Having ensured that our model agrees with and captures distinct features of 
previous early degassing models, we may now exploit the flexibility of our two-stage 
model to explore key parameters controlling MORB source degassing history. We begin 
by examining I-Pu-U-Xe systematics in a simple degassing scenario, and then develop 
some intuition for the effect of timescales of accretion, long-term mantle processing, and 
partial retention of Xe during accretion. 
 
4.4.3 Model results  
 The diverse radiogenic and fissiogenic isotopes of Xe are sensitive to degassing 
on different timescales: 129I production of 129Xe* has effectively ceased by ~90 Myr, 
while 244Pu-fission 136Xe is produced until ~500 Myr and production of 136Xe by fission 
of extant 238U continues throughout Earth history. Here we examine a simple degassing 
scenario and systematically assess the effects of select parameters on the degassing 
history of the MORB source mantle. Retention and delivery parameters for I and Xe are 
initially set to those used to reproduce the classical early degassing model (Table 4.4; all 
delI, retI and delXe parameters = 1; retXe_preLGI = retXe_LGI = 0; retXe_postLGI = 1), 
and unless otherwise specified, we use an accretion time constant α = 11 Myr for 
illustrative purposes. Figure 4.13 shows time evolution curves for the three radioactive 
parent species, 129I, 244Pu and 238U, given the classical early degassing parameters. 129I 
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evolution is shown for three tLGI values of 51 Myr, 64 Myr and 76 Myr, corresponding to 
99%, 99.5% and 99.9% MEarth accreted, respectively (Figure 4.13a). 129I decays rapidly; a 
small rise in concentration is initiated at tLGI, as the post-LGI accreted material is 
assumed to be more volatile-rich (similar to carbonaceous chondrites with 450 ppb I; 
McDonough and Sun, 1995). 244Pu decay is complete by ~600 Myr; although growth of 
the continental crust begins before that time, the amount of crust accumulated prior to 
600 Myr is small (Figure 4.13b) and so the effect of crustal sequestration on 244Pu 
evolution is negligible. In contrast, crustal extraction has a marked effect on 238U 
evolution in the mantle (Figure 4.13c).  
Figure 4.14 illustrates the corresponding time evolution curves for 129Xe*, 136XePu 
and 136XeU, given tLGI values of 51 Myr, 64 Myr and 76 Myr. Panels b,d and f show the 
first 400 Myr of Earth history in detail for each Xe species. Retention of Xe begins after 
tLGI; the radiogenic and fissiogenic species grow in as the planet accretes the last 0.1-1% 
of mass, and at the end of accretion (marked by a dashed line in panels b,d and f), mantle 
processing begins. Degassing associated with mantle processing overtakes production of 
129Xe* as 129I approaches extinction, and the evolution of 129Xe transitions to an 
exponential loss due to degassing (Figure 4.13a; Figure 4.14a,b). Similarly, 136XePu grows 
in for ~200 Myr after tLGI, but transitions to exponential loss due to degassing as 244Pu 
approaches extinction (Figure 4.13b; Figure 4.14c,d). We note that the relative 
concentrations of Xe species produced by short-lived radioactivity depend strongly on 
tLGI (129Xe* and 136XePu; Figure 4.14a-d), whereas the effect of the tLGI on 136XeU 
abundance is non-zero, but negligible (Figure 4.14e-f). 
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4.4.3.1 Effect of varying accretion timescales 
Figure 4.11 illustrates the relationship between 129Xe*/136XePu and the classical 
closure age (given near-instantaneous accretion; Section 4.4.2): due to the rapid decay of 
129I, mantle 129Xe*/136XePu decreases as the time of closure increases. This relationship 
holds when we take more realistic timescales of accretion into account using our two-
stage model: Figure 4.15 shows the range in 129Xe*/136XePu calculated for the range of 
candidate tLGI as a function of the accretion time constant, α (model parameters used for 
the calculation are specified in the figure caption). For each value of α, an earlier tLGI 
(corresponding to a lower percentage of mass accreted) yields a higher 129Xe*/136XePu. 
However, the highest calculated 129Xe*/136XePu and the magnitude of variation in 
129Xe*/136XePu due to tLGI at a given α both decrease as α increases, since 129I has mostly 
decayed away by the candidate tLGI’s for larger values of α.  
Similar systematics are observed in 136XePu/(136XePu+136XeU), which is plotted as a 
function of α in Figure 4.16. At a given α, an earlier tLGI yields a higher 
136XePu/(136XePu+136XeU), since more 136XePu is retained in the early degassing stage 
(Figure 4.14d). However, in this case, the magnitude of variation in 
136XePu/(136XePu+136XeU) due to tLGI at a given α increases as α increases. 244Pu is extant at 
the end of accretion for even the highest α value of 30 Myr (99.9% accreted at ~207 
Myr). Therefore, the magnitude of variation in 136XePu/(136XePu+136XeU) at a given α is 
controlled by the wider absolute range of tLGI at a high value of α (for α = 3 Myr, 14 Myr 
< tLGI < 21 Myr; for α = 30 Myr, 138 Myr < tLGI < 207 Myr). In constrast, the broader 
range in tLGI at high values of α makes little difference for 129Xe*/136XePu, since there is 
almost no 129I remaining in the system (Figure 4.15). 
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Figure 4.15 Forward modeled 129Xe*/136XePu as a function of the accretion time constant, 
α, using classical early degassing parameters, Mres = 2×1027g, Nres = 6 and CCmodel = 1. 
The range in 129Xe*/136XePu at a given α value corresponds to the range in tLGI (99% 
accretion to 99.9% accretion). 129Xe*/136XePu decreases as α increases, as slower 
accretion timescales translate to later tLGI and thus less retention of Xe during the lifetime 
of 129I. 
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Figure 4.16 Forward modeled 136XePu/ (136XePu+136XeU) as a function of the accretion 
time constant, α, using classical early degassing parameters, Mres = 2×1027g, Nres = 6 and 
CCmodel = 1. The range in 136XePu/(136XePu+136XeU) at a given α value corresponds to 
the range in tLGI (99% accretion to 99.9% accretion). 136XePu/(136XePu+136XeU)  decreases 
as α increases, as slower accretion timescales translate to later tLGI and thus less retention 
of Xe during the lifetime of 244Pu. 
 
 
In general, we find that slow accretion timescales (α > ~20 Myr) result in 
129Xe*/136XePu and 136XePu/(136XePu+136XeU) lower than the range determined for the 
MORB source (Figures 4.4 and 4.7). This reflects the fact that by the time the Earth has 
accreted 99% of its mass, 129I and 244Pu are severely depleted, and the resulting budgets 
of Xe isotopes produced by short-lived radioactivitiy are small. We find that for classical 
early degassing parameters (Table 4.4), accretion time constants of ~8-13 Myr are able to 
satisfy 68% confidence constraints for both 129Xe*/136XePu and 136XePu/(136XePu+136XeU) 
in MORB sources simultaneously. 
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Figure 4.17 Forward modeled 129Xe*/136XePu as a function of tLGI for a range of long-
term mantle processing rates (parameterized by Nres, the number of reservoir masses 
processed during the long-term degassing stage). Classical early degassing parameters 
(Table 4.4) are used;  α = 11 Myr, Mres = 2×1027 g and CCmodel = 1. Degassing that 
occurs after 129I is extinct but before 244Pu is extinct drives 129Xe*/136XePu downwards.  
 
4.4.3.2 Effect of long-term mantle processing 
The 129Xe budget is highly sensitive to volatile loss that occurs during the early 
degassing stage (Figure 4.14a,b). However, we note that the 129Xe*/136XePu ratio is also 
sensitive to degassing in association with mantle processing that occurs after accretion is 
complete but before 244Pu is extinct: Xe loss at any point after 129I extinction but during 
the lifetime of 244Pu drives 129Xe*/136XePu to lower values. Figure 4.17 shows 
129Xe*/136XePu as a function of tLGI modeled using the classical early degassing 
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parameters (Table 4.4) for a range of processing rates, parameterized by Nres (the number 
of MORB reservoir masses processed over 4.567 Gyr). As Nres increases, 129Xe*/136XePu 
at a given tLGI decreases due to increased mantle processing (and thus degassing) after the 
extinction of 129I and before the extinction of 244Pu.  
Figure 4.18 illustrates the relationship between 136XePu/(136XePu+136XeU) and Nres. 
For higher values of Nres, the MORB mantle experiences a higher processing rate and 
thus more degassing. Both 136XePu and 136XeU are lost by degassing, but only 136XeU 
grows back after the extinction of 244Pu at ~500 Myr. Therefore, as Nres increases, 
136XePu/(136XePu+136XeU) decreases. The upper limit 136XePu/(136XePu+136XeU) value 
reflecting closed-system decay of 244Pu and 238U is ~0.96-0.97; 136XePu/(136XePu+136XeU) 
approaches this limit for lower values of Nres. We note that for a given Nres value, varying 
Mres will also affect 136XePu/(136XePu+136XeU): in order to process a larger reservoir mass 
Nres times over 4.567 Gyr, a higher processing rate is required, and so 
136XePu/(136XePu+136XeU) will decrease with increasing Mres. Lastly, the time of the LGI 
has very limited effect on 136XePu/(136XePu+136XeU) at a given value of Nres, consistent 
with the observation that the evolution curves for 136XePu and 136XeU at the three tLGI’s 
specified in Figure 4.14 (panels d and f) converge over 4.567 Gyr of mantle processing. 
 
4.4.3.3 Effect of varying Xe retention in early degassing stage 
 Having gained a broad sense of how the accretion and mantle processing rates 
affect 129Xe*/136XePu and 136XePu/(136XePu+136XeU), we now depart from the early 
degassing scenario envisioned in the classical model and explore the effect of partial Xe 
retention in the growing mantle prior to the last giant impact. Figures 4.15 and 4.16  
 143 
 
 
Figure 4.18 Forward modeled 136XePu/(136XePu+136XeU) as a function of the number of 
MORB source reservoir masses processed during the long-term degassing stage. The 
accretion time constant α = 11 Myr and classical early degassing parameters are used. 
Mres = 2×1027g and CCmodel  =1. A reservoir that experiences more degassing develops 
low 136XePu/(136XePu+136XeU), since all isotopes of Xe are degassed, but only 136XeU 
continues to grow after ~500 Myr. While 136XePu/(136XePu+136XeU) is strongly controlled 
by long-term degassing, the effect of early degassing (variation in tLGI) is minimal. 
 
demonstrate that for slow accretion (α > ~20 Myr), early degassing generates 
129Xe*/136XePu and 136XePu/(136XePu+136XeU) values lower than the range observed in 
MORBs (Figures 4.4-4.8). Similarly, high mantle processing rates drive strong degassing 
and yield 129Xe*/136XePu and 136XePu/(136XePu+136XeU) values below the MORB range 
(Figures 4.17 and 4.18). In contrast, partial retention of Xe in the mantle during accretion 
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preserves some fraction of the 129Xe* and 136XePu generated in the mantle during 
accretion, and thus generates 129Xe*/136XePu and 136XePu/(136XePu+136XeU) higher than 
those obtained with the classical degassing retXe_preLGI and retXe_LGI values of 0 
(Table 4.4). We note that the remaining early degassing parameters either do not affect 
129Xe*/136XePu (delXe) or would decrease 129Xe*/136XePu if altered from the classical 
degassing values (retI and delI = 1; Table 4.4). 
 Since early partial retention of Xe has the potential to raise 129Xe*/136XePu and 
136XePu/(136XePu+136XeU), we investigate retXe_preLGI systematics assuming an accretion 
time constant α = 30 Myr. This relatively large accretion time constant yields a candidate 
tLGI range of 138-207 Myr and generates low 129Xe*/136XePu and 136XePu/(136XePu+136XeU) 
values (Figures 4.15 and 4.16). We seek the minimum retXe_preLGI required to bring (if 
possible) computed ratios for this time constant into agreement with the range determined 
for MORBs (Figures 4.7 and 4.8). The other Xe retention parameters (retXe_LGI and 
retXe_postLGI) are set to 1 to isolate the effect of Xe retention before the last giant 
impact. Figure 4.19 shows the relationship between retXe_preLGI and both 
129Xe*/136XePu and 136XePu/(136XePu+136XeU). The magnitude of variation in 
129Xe*/136XePu and 136XePu/(136XePu+136XeU) at a given retXe_preLGI value reflects the 
range in tLGI. We find that for retXe_preLGI values below 0.9995, the retXe_preLGI 
parameter has almost no effect on either 129Xe*/136XePu or 136XePu/(136XePu+136XeU). 
Above 0.9995, retXe_preLGI drives both 129Xe*/136XePu and 136XePu/(136XePu+136XeU) up 
towards a limit corresponding to no early outgassing of Xe (indicated by red stars; 
Figures 4.19). Accordingly, variation due to the tLGI disappears at a retXe_preLGI value 
of 1, since there can be no dependence on the time of the last giant impact if no degassing  
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Figure 4.19 Effect of Xe retention prior to the last giant impact (retXe_preLGI) on 
modeled (a) 129Xe*/136XePu and (b) 136XePu/(136XePu+136XeU). Early degassing stage 
model parameters are the same as classical early degassing (Table 4.4) except retXe_LGI 
is set to 1 and retXe_preLGI is allowed to vary. The accretion time constant α = 30 Myr, 
Mres = 2×1027g, Nres = 6 and CCmodel  =1. Significant retention of Xe during accretion 
(~8-25% of 130Xedel relative to a no-outgassing scenario; see Section 4.4.3.3) must occur 
in order to satisfy constraints on MORB source 129Xe*/136XePu and 
136XePu/(136XePu+136XeU) given an accretion time constant of 30 Myr. 
(a) 
(b) 
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occurs before, during or after that impact. Values of retXe_preLGI ~0.99985 are required 
to raise 129Xe*/136XePu above ~6, the lower limit of the 68% confidence interval for 
average MORBs (Figure 4.7). To gain some intuition for the extent of total early 
degassing corresponding to retXe_preLGI of 0.99985, we compute the percentage of 
primordial 130Xedel retained relative to the 130Xedel budget given no outgassing 
(retXe_preLGI of 1): for last giant impacts between 138 and 207 Myr, a retXe_preLGI of 
0.99985 signifies that ~8-25% of 130Xedel must be retained in the early degassing stage 
relative to the no- early-outgassing budget (range corresponds to variation in tLGI). 
We include an independent parameter to describe retention of Xe during the last 
giant impact (vs. before of after the LGI) in our model to enable investigation of discrete 
loss events similar to those envisioned by Porcelli et al. (2001). One interesting feature of 
the Porcelli et al. (2001) model results (reproduced in Figure 4.12) is that at a given 
fraction of Xe retained in the loss event (retXe_LGI), 129Xe*/136XePu initially decreases as
expected with increasing tLGI, but ultimately turns over and begins to increase with tLGI 
(illustrated in Figure 4.20 for retXe_LGI = 0.03; instantaneous accretion and no long-
term degassing). As a result, at a given retXe_LGI, the same 129Xe*/136XePu value can be 
generated at two tLGI values, with a significant difference in age (e.g, ~75 Myr and 170 
Myr in Figure 4.20).  
Since our model tracks the evolving concentrations of 129Xe* and 136XePu, we may 
determine what drives the observed DLE systematics. Figure 4.21 shows DLE evolution 
curves for 129Xe* and 136XePu for relatively slow accretion with tLGI’s of 140 Myr, 160 
Myr, 180 Myr and 200 Myr. 129Xe* and 136XePu are quantitatively retained until the LGI, 
at which point 97% of the gas is instantaneously depleted (retXe_LGI = 0.03). For LGI’s  
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Figure 4.20 Forward modeled 129Xe*/136XePu as a function of tLGI for discrete loss events 
(after Porcelli et al., 2001) using retXe_LGI of 0.03 (see Figure 4.12). Accretion and the 
long-term degassing stage are both neglected for ease of comparison with Porcelli et al. 
(2001) and Figure 4.12. The same 129Xe*/136XePu value can be generated at two 
significantly different tLGI values. 
 
that occur before 129I is extinct (not depicted), the amount of 129Xe* produced after the 
LGI decreases rapidly for later tLGI’s. The decrease in post-LGI 129Xe* surpasses the 
associated decrease in post-LGI 136XePu, such that 129Xe*/136XePu decreases overall with 
tLGI up to ~100 Myr. However, for LGI’s that occur after 129I has mostly decayed (i.e., 
after ~100 Myr), instantaneous depletion of the 129Xe* budget by a constant factor (e.g., 
0.03) yields nearly identical 129Xe* budgets for different tLGI’s: all 129Xe* was retained 
prior to the LGI, and very little grows after the LGI (Figure 4.21a). 244Pu is still extant, 
and so the 136XePu budget at the end of accretion still depends on tLGI: for late tLGI’s, less 
136XePu grows in after the LGI and so 129Xe*/136XePu is higher (Figure 4.21b).  
tLGI 
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Figure 4.21 Time evolution curves for (a) 129Xe* and (b) 136XePu for 4 modeled discrete 
loss events at tLGI = 140 Myr, 160 Myr, 180 Myr and 200 Myr (accretion time constant α 
= 30 Myr; retXe_LGI = 0.03). The 129Xe*/136XePu systematics illustrated in Figure 4.20 
reflect the fact that for DLE’s that occur after the extinction of 129I, the 129Xe* budget is 
largely insensitive to tLGI, while 136XePu decreases with increasing tLGI. Thus, 
129Xe*/136XePu reverses after the extinction of 129I and increases as a function of tLGI 
(Figure 4.20).  
 
Accordingly, for DLE’s that occur after ~100 Myr, 129Xe*/136XePu increases as tLGI 
increases. It is important to note that Porcelli et al. (2001) neglected the effect of long-
term degassing in their model. We find that for discrete loss events, long-term degassing 
(after the end of accretion; Figure 4.21) largely erases the 129Xe*/136XePu dependence on 
tLGI and lowers the overall 129Xe*/136XePu by depleting the 136XePu budgets for all tLGI. We 
also note that the absolute concentration of 129Xe* remaining after a discrete loss event is 
relatively low. The examples shown in Figure 4.21 would raise the ancient mantle 
129Xe/130Xe from the primordial value of 6.436 (Q-Xe component; Pepin and Porcelli, 
2006) to ~6.48, far below values of ~14 inferred for the ancient MORB mantle 
(Mukhopadhyay et al., in prep), and also below the highest measured present-day values 
of ~7.8 (Chapter 3; Parai et al., 2012; Tucker et al., 2012). Therefore, although late 
(a) (b) 
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DLE’s generate the same 129Xe*/136XePu ratios as early DLE’s for a given retXe_LGI, the 
absolute amount of radiogenic 129Xe* retained in the late DLE is too low to satisfy 
additional available constraints. 
 
Figure 4.22 Effect of varying Xe retention subsequent to the last giant impact 
(retXe_postLGI) on forward modeled (a) 129Xe*/136XePu and (b) 
136XePu/(136XePu+136XeU). The accretion time constant α = 11 Myr; all early degassing 
parameters are set to the classical early degassing model parameters, except 
retXe_postLGI is allowed to vary. Mres = 2×1027g, Nres = 6 and CCmodel  =1. Late 
degassing at the very end of accretion rapidly decreases both 129Xe*/136XePu and 
136XePu/(136XePu+136XeU). 
 
Finally, we investigate the effect of varying the retention of Xe subsequent to the 
last giant impact (retXe_postLGI). So far we have only considered scenarios with 
retXe_postLGI of 1 (Table 4.4); using values less than 1 should yield lower 
129Xe*/136XePu and 136XePu/(136XePu+136XeU) values. Therefore, we return to an accretion 
time constant α = 11 Myr and set retXe_preLGI and retXe_LGI to 0 for ease of 
comparison with results from previous sections (see Table 4.4). Figure 4.22 shows the 
effect of reducing the retention of Xe subsequent to the LGI until the end of accretion on 
(a) (b) 
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129Xe*/136XePu and 136XePu/(136XePu+136XeU). The results for retXe_postLGI = 1 are 
highlighted on the right axis (Figure 4.22; filled circles); these correspond to the classical 
degassing scenario explored previously (e.g., Figure 4.17, Nres = 6). Our results illustrate 
that both 129Xe*/136XePu and 136XePu/(136XePu+136XeU) drop rapidly as retXe_postLGI 
decreases from 1, but level off towards a limit reflecting the time of the end of accretion.  
 
4.5 DISCUSSION 
 Xenon fission isotope systematics in the SWIR mantle source contribute to an 
emerging portrait of a MORB mantle that has experienced heterogeneous degassing and 
regassing on a variety of lengthscales and timescales. Here we discuss our determinations 
of SWIR mantle fission Xe in the context of results for other MORB sources and plume-
influenced sources, and consider some implications of our two-stage model for MORB 
mantle degassing. 
 
4.5.1 Recycling of atmospheric Xe into MORB and plume sources: Evidence for 
incorporation of recycled material into mantle reservoirs 
Subduction zones were long thought to be efficient barriers to the recycling of 
noble gases into the deep mantle (e.g., Staudacher and Allegre, 1988). However, recent 
work indicates that atmospheric heavy noble gases are carried in subducted materials 
beyond depths of magma generation to be recycled into the mantle (e.g., Holland and 
Ballentine, 2006; Kendrick et al., 2011; Mukhopadhyay, 2012; Parai et al., 2012; Pető et 
al., 2013; Tucker et al., 2012). Having explicitly corrected for syn- to post-eruptive 
atmospheric contamination, here we evaluate the prevalence of atmospheric Xe 
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incorporation into mantle sources over time. We find that ~80-95% of the Xe budget of 
MORB and plume mantle sources is recycled atmospheric Xe (Table 4.3; Figures 4.3, 
4.6, A4.9, A4.10). The dominance of recycled atmospheric Xe indicates that recycled 
material is incorporated into both MORB and plume sources. However, differential 
incorporation of atmospheric Xe cannot explain observed differences in 129Xe/130Xe 
between MORB and plume sources (Holland and Ballentine, 2006): 129Xe-136Xe-130Xe 
systematics illustrate that MORB and plume sources (1) are not related by mixing with 
the atmosphere; (2) separated within 100 Ma of the start of the Solar System; and (3) 
have not been homogenized by 4.45 Ga of mantle convection (Mukhopadhyay, 2012; 
Tucker et al., 2012; Parai et al., 2012; Pető et al., 2013).  
Among noble gases, Xe isotope systematics are a uniquely able to resolve the 
injection and incorporation of recycled atmospheric components into the mantle. Mantle 
source He and Ne isotopic compositions are not sensitive to incorporation of recycled 
material due to low overall concentrations of He and Ne in recycled material relative to 
ambient mantle material (e.g., Parai et al., 2009). For example, although Iceland Ne 
isotopes are primitive and near-solar, ~90% of Iceland Xe is recycled in origin 
(Mukhopadhyay, 2012), indicating incorporation of recycled material devoid of 
atmospheric Ne into the Iceland source. Since He and Ne isotopes are not sensitive 
indicators of recycling, plume-related samples with primitive He and Ne isotopic 
compositions may not reflect sampling of an undiluted primordial mantle, such that major 
and trace element compositions of samples with primitive He and Ne (e.g., Jackson et al., 
2010; Jackson and Jellinek, 2013) are unlikely to represent the composition of a pristine 
primordial bulk silicate Earth. We note that the incorporation of recycled material 
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generates depleted 143Nd/144Nd ratios over time in both the upper mantle and the plume 
source: if continental crust with low Sm/Nd is built via extraction processes at subduction 
zones, then the average recycled slab package (i.e., crust and mantle lithosphere) over 
Earth history must have high Sm/Nd relative to the bulk silicate Earth. Therefore, the 
association of primitive He and Ne with super-chondritic 143Nd/144Nd isotopes is not an 
indication of non-chondritic bulk silicate Earth (e.g., Jackson et al., 2010; Jackson and 
Jellinek, 2013), but likely arises from incorporation of depleted recycled material into 
primordial sources (e.g., Gonnermann and Mukhopadhyay, 2009). 
 
4.5.2 MORB and plume sources have experienced different degassing histories 
Mantle 136XePu/(136XePu+136XeU) ratios provide constraints on the long-term 
degassing histories of mantle sources. 244Pu decays with a half-life of 80.0 Myr; 
production of Pu-fission 136XePu is effectively complete at ~500 Myr (e.g,. Figure 4.13b). 
In contrast, 238U decays with a half-life of 4.468 Gyr and production of U-fission 136XeU 
is ongoing. In order to preserve a high 136XePu/(136XePu+136XeU) ratio, a mantle source 
must retain a high proportion of the Pu-fission 136XePu budget developed in the first 500 
Myr of Earth history. A mantle source that experiences significant degassing loses both 
136XePu and 136XeU, but only grows 136XeU back over time. Thus, a relatively degassed 
mantle source develops a low 136XePu/(136XePu+136XeU) ratio over time.  
We find that MORB mantle sources uniformly exhibit a low 
136XePu/(136XePu+136XeU) ratio relative to plume-related sources (Figures 4.5 and 4.8; 
Mukhopadhyay, 2012; Tucker et al., Pető et al., 2013). MORB source 
136XePu/(136XePu+136XeU) ratios range from 0.27 to 0.37, with an error-weighted average 
 153 
of 0.33 ±0.09; plume-related source 136XePu/(136XePu+136XeU) ratios range from 0.65 to 
0.97, with an error-weighted average of 0.97-0.17
+0.03 (all values using solar wind as the 
mantle initial Xe). The observed difference in 136XePu/(136XePu+136XeU) indicates that 
MORB mantle sources have uniformly experienced a greater extent of integrated 
degassing associated with long-term mantle processing relative to plume sources. We 
note that this observation is independent of the interpretation of 4He/3He systematics in 
MORBs and plume-derived basalts. 
 
4.5.3 Constraints on the age of the Moon-forming giant impact from I-Pu-U-Xe 
systematics 
Combined short-lived 129I-129Xe and 244Pu-Xe isotope systematics provide a 
powerful tool to probe the earliest degassing history of the Earth. 129I decays with a half-
life of 15.7 Myr and is effectively extinct at 90 Myr, while 244Pu continues to produce 
131,132,134,136Xe until ~500 Myr after the start of the Solar System. In the classical view of 
early Earth degassing (Section 4.4.2), the mantle 129Xe*/136XePu ratio depends simply on 
the 129I/244Pu ratio at the time of the last giant impact: all radiogenic and fissiogenic Xe 
produced prior to the LGI was lost, and all Xe produced subsequent to the LGI was 
retained. Using this classical model and the limits of the MORB 129Xe*/136XePu 68% 
confidence intervals for solar wind, AVCC and U-Xe mantle initial Xe compositions 
(Table 4.3; Figure 4.7), we compute a classical closure age range of 44-70 Myr for the 
last giant impact.  
Our determination of the upper mantle closure age is significantly older than the 
age of ~95-100 Myr computed by Pepin and Porcelli (2006). We note that we have 
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focused on mantle source Xe isotopic compositions corrected for syn-to-post-eruptive 
contamination based on multiple step-crushes for each sample (Section 4.2.2). In 
contrast, Pepin and Porcelli (2006) used abundance-weighted averages of measured 
values of MORBs (mostly the popping rock 2ΠD43; Kunz et al., 1998) affected by 
variable degrees of atmospheric contamination. The authors computed a relatively high 
fraction of fission Xe from Pu-fission for average MORBs, with 136XePu/(136XePu+136XeU) 
= 0.75 using solar wind as the mantle initial (Pepin and Porcelli, 2006). Such a value is 
approximately twice as high as we have computed for the MORB error-weighted average 
(0.33 ±0.09 using solar wind as the mantle initial). Accordingly, the 129Xe*/136XePu of 
3.8-0.4
+2.0computed by Pepin and Porcelli (2006) is approximately half the value we have 
computed for average MORBs (7.8-1.8
+3.1; suggesting good agreement in our estimates of 
the 129Xe* budgets of MORBs). Such a low value of 129Xe*/136XePu yields a later time of 
closure. However, we also note that the authors used a relatively high 127I abundance of 
13 ppb in their computations. In order to provide a direct comparison, we compute the 
closure age range of 71-86 Myr corresponding to their 1σ limits on 129Xe*/136XePu 
assuming 7 ppb 127I in the ancient MORB mantle (Deruelle et al., 1992; Palme and 
O'Neill, 2004). This range is still younger than our determination of 44-70 Myr, but 
agrees at the 68% confidence limit. 
Our two-stage forward model of I-Pu-U-Xe systematics has the potential to 
provide additional constraints on the timing of the Moon-forming giant impact. We have 
explored the effect of accretion timescales, mantle processing rate, and early retention of 
Xe on I-Pu-U-Xe systematics (Section 4.4.3). Here we briefly discuss implications of our 
model results, though we note that a Monte Carlo simulation is most appropriate to fully 
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explore the model parameter space and identify regions of parameter space that satisfy 
our observational constraints, as well as regions of parameter space that cannot satisfy 
constraints from I-Pu-U-Xe systematics under any circumstances.  
We have demonstrated that long-term degassing directly affects MORB mantle 
129Xe*/136XePu, since degassing that occurs after 129I extinction but before 244Pu extinction 
lowers 129Xe*/136XePu (Figure 4.17). In this sense, the time of the last giant impact 
computed by neglecting long-term degassing (e.g., the classical closure age computed 
above) is likely an upper limit, since accounting for Xe/Pu fractionation before ~500 Myr 
would raise the 129Xe*/136XePu and thus push the time of the last giant impact further back 
in time.  
We further note that a modeled 136XePu evolution that satisfies constraints on 
129Xe*/136XePu after ~500 Myr (degassing after this time will not fractionate 
129Xe*/136XePu) must also satisfy constraints on 136XePu/(136XePu+136XeU) after ~4.5 Gyr 
of mantle processing (Figure 4.18). Thus, the I-Pu-Xe system is tightly linked to the Pu-
U-Xe system. The Pu-U-Xe system is also linked to other long-lived noble gas systems 
primarily sensitive to long-term mantle degassing. We have incorporated U-Th-He 
systematics into our model in order to investigate whether long-term degassing 
parameters that are required to generate favorable 136XePu/(136XePu+136XeU) ratios also 
generate 4He/3He ratios close to the observed MORB range. Thus, additional constraints 
on mantle degassing on a variety of timescales can be leveraged to better constrain the 
earliest degassing history of the MORB mantle source, and the timing of the Moon-
forming giant impact.  
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Our model results indicate that for late tLGI (>80 Myr; includes all candidate tLGI’s 
for α > 18 Myr), our forward model cannot simultaneously satisfy the 68% confidence 
limits for 129Xe*/136XePu and 136XePu/(136XePu+136XeU) in the MORB mantle without 
invoking partial retention of Xe prior to the last giant impact (Figure 4.19). Even if the 
effect of mantle processing after 129I extinction and before the extinction of 244Pu is 
minimized by setting Nres to its lowest value, 129Xe*/136XePu values calculated for tLGI’s 
later than 80 Myr are too low (maximum value of ~5) to match our range for MORBs 
(7.8-1.8
+3.1 using solar wind as the mantle initial). The corresponding 
136XePu/(136XePu+136XeU) ratios generated with minimal mantle processing are far too high 
(>0.80) to match the average MORB 68% confidence range (0.33 ±0.09 using solar wind 
as the mantle initial; Figure 4.8). In contrast, for tLGI’s between ~35 and 70 Myr, we are 
able able to satisfy constraints on both 129Xe*/136XePu and 136XePu/(136XePu+136XeU) 
simultaneously without invoking partial retention of Xe prior to the last giant impact.  
We note that non-zero early retention of Xe is necessary to explain the budgets of 
primordial 124,126,128,130Xe in the MORB source mantle (Mukhopadhyay et al., in prep). 
However, a very high degree of Xe retention in the upper mantle throughout accretion is 
physically unlikely, since degassing through multiple magma ocean events (Tucker and 
Mukhopadhyay, 2014) will deplete the upper mantle volatile inventory. Therefore, 
further consideration of partial Xe retention in the accreting Earth is necessary to better 
understand I-Pu-U-Xe constraints on the timing of the Moon-forming giant impact. 
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4.5.4 The emerging portrait of distinct ancient, heterogeneous and continuously-
evolving mantle sources 
Xenon isotopic data from the Southwest Indian Ridge (this study; Chapter 3; Parai 
et al., 2012) add to a growing pool of high-precision Xe data in mid-ocean ridge basalts 
(Kunz et al., 1998; Tucker et al., 2012) and plume-influenced basalts (Mukhopadhyay, 
2012; Pető et al., 2013). We find that the origin of the reservoir supplying primordial 
noble gases to plumes is fundamentally distinct from that of the MORB mantle reservoir: 
the two reservoirs cannot be related simply by differential degassing or incorporation of 
recycled atmospheric volatiles (Chapter 3; Mukhopadhyay, 2012; Parai et al., 2012; Pető 
et al., 2013; Tucker et al., 2012). Based on the extinct 129I-129Xe system, the plume source 
separated from the MORB source within 100 Myr of the start of the Solar System, and 
the two sources have not been homogenized by 4.45 Gyr of mantle convection (Chapter 
3; Mukhopadhyay, 2012; Parai et al., 2012; Pető et al., 2013; Tucker et al., 2012). Xe 
fission isotope systematics further indicate that the plume source exhibits a distinct 
129Xe*/136XePu signature that is low relative to the MORB source (Figures 4.4, 4.7). This 
feature likely signifies that the plume source is characterized by a lower I/Pu than the 
MORB source, and may reflect heterogeneous accretion, with early accretion being 
volatile-poor. Thus, Xe isotopic data in mantle-derived basalts reflect very ancient 
differences that persist in the MORB and plume mantle reservoirs today. 
Although differences between the upper mantle and plume source cannot be 
explained by recycling of atmospheric volatiles, injection and incorporation of 
atmospheric heavy noble gases (Ar, Kr, Xe) into the mantle must occur over Earth 
history. Evaluation of high-precision measurements of fission Xe isotopic compositions 
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in MORBs and plume-influenced basalts indicate that the mantle Xe budget is dominated 
by recycled atmospheric Xe (Section 4.3; Section 4.5.1; Figure 4.3; Mukhopadhyay, 
2012; Pető et al., 2013; Tucker et al., 2012). In addition, large variations are evident in 
upper mantle 40Ar/36Ar and 129Xe/130Xe isotopic composition in regions of the Southwest 
Indian Ridge removed from the influence of known mantle plumes, indicating 
heterogeneous incorporation of recycled atmospheric noble gases into the MORB source 
(Chapter 3; Parai et al., 2012). Our evaluation of SWIR fission Xe isotopes (Section 4.3; 
Figure 4.4) supports this conclusion, as recycled atmospheric Xe constitutes ~5-10% 
more of the 132Xe budget in the Eastern Orthogonal Supersegment mantle source relative 
to the Western Orthogonal Supersegment source (Figure 4.4; see caption). The 
persistence of large Ar and Xe isotopic variations generated by heterogeneous regassing 
reflects inefficient homogenization of recycled material in the MORB mantle source.  
We note that mantle source He and Ne isotopic compositions may not be sensitive 
to incorporation of recycled material due to low overall concentrations of He and Ne in 
recycled material relative to ambient mantle (Section 4.5.1). Thus, the broad 
homogeneity noted in MORB helium isotopic compositions (Graham, 2002; Graham et 
al., 1992; Kurz et al., 1982) does not indicate a homogeneous MORB source. Based on 
Ar and Xe isotopic compositions measured in mantle-derived samples, we propose that 
MORB and plume source heterogeneities reflect the ongoing incorporation of recycled 
material into distinct ancient mantle reservoirs. 
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4.6 CONCLUSIONS 
We present new high-precision measurements of the fission isotopes of Xe (131Xe, 
132Xe, 134Xe and 136Xe) in basalts from the Southwest Indian Ridge between 16 and 25°E. 
Based on determinations of the mantle source isotopic compositions corrected for syn- to 
post-eruptive atmospheric contamination, we solve for the proportions of mantle 132Xe 
attributed to the primordial mantle Xe budget, recycling of atmospheric Xe, fission of 
extinct 244Pu and ongoing fission of extant 238U.  
We developed a parameterized two-stage model of MORB source degassing to 
investigate constraints from I-Pu-U-Xe systematics on the timing of the Moon-forming 
giant impact. Based on our determinations of 129Xe*/136XePu in MORB sources, we 
compute a classical closure age range of 44-70 Myr for the last giant impact. Our model 
results indicate that for late tLGI (>80 Myr), our model cannot simultaneously satisfy 68% 
confidence limits for 129Xe*/136XePu and 136XePu/(136XePu+136XeU) in the MORB mantle 
without invoking partial retention of Xe prior to the last giant impact. Further 
investigation of early retention of Xe during planet formation is needed to better 
constrain the timing of the Moon-forming giant impact.  
We find that recycled atmospheric Xe dominates the Xe inventories of the SWIR 
Western and Eastern Orthogonal Supersegment mantle sources (~80-90% of 132Xe is 
recycled in origin), consistent with results from recent studies of Equatorial Atlantic 
MORBs (Tucker et al., 2012) and plume-influenced basalts from Iceland 
(Mukhopadhyay, 2012) and the Rochambeau Rift (Pető et al., 2013). We assert that 
super-chondritic 143Nd/144Nd isotopes in mantle sources with primitive He and Ne do not 
necessitate a non-chondritic bulk silicate Earth; rather, the prevalence of recycled 
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atmospheric Xe in these sources indicates the incorporation of depleted recycled material 
into primitive mantle sources. While significant regassing of the mantle is evident, we 
also find differences in the extent of degassing of the MORB and plume sources. MORB 
sources are consistently characterized by a lower fraction of fission Xe derived from Pu-
fission, indicating a greater extent of degassing relative to the plume source. Therefore, 
our Southwest Indian Ridge Xe isotopic data contribute to an emerging portrait of two 
ancient mantle sources with distinct histories of early outgassing, processing via partial 
melting and incorporation of recycled material in association with plate tectonics. 
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Chapter 5: Strontium isotopic constraints on early Solar System 
chronology and the history of planetary volatile depletion 
 
ABSTRACT 
The long-lived radioactive rubidium-strontium (87Rb-87Sr) system provides a 
powerful chronometer for volatile depletion in the early Solar System. Here we present a 
suite of high-precision Sr isotopic data in planetary materials and assess constraints on 
the chronology of lunar formation. We compute initial 87Sr/86Sr ratios for lunar 
anorthosite 60025, the eucrite Juvinas and Moore County plagioclase. Since we have 
precisely measured the offset between standard reference materials NIST SRM 987 and 
Pacific seawater, we are able to properly normalize literature initial 87Sr/86Sr data from a 
large set of studies that report only one or the other of these standards. Therefore, we are 
able to place our own determinations of initial 87Sr/86Sr in planetary materials in the 
context of a normalized compilation of initial 87Sr/86Sr data from the literature. Careful 
normalization of literature data resolves some discrepancies among different studies; 
however, in many cases, inter-laboratory differences persist. We estimate the Solar 
System initial 87Sr/86Sr based on our determination of the Moore County plagioclase 
initial, and use this estimate to explore different models of Sr isotopic evolution to 
account for the initial 87Sr/86Sr determined for the lunar anorthosite 60025. If the Moon is 
derived from proto-Earth material that experienced volatile loss (and thus Rb/Sr 
fractionation) in the aftermath of the Moon-forming giant impact, then based on Sr 
isotope systematics in lunar anorthosite 60025, the Moon formed prior to ~62 Myr.  
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5.1 INTRODUCTION 
Planetary bodies in the Solar System are uniformly characterized by a depletion in 
volatile elements relative to the composition of the Sun (e.g., Ringwood, 1979; Morgan 
and Anders, 1980). Proto-planetary materials grew within a cooling solar nebula, and 
volatile depletion within the proto-planetary disk was accomplished by some combination 
of incomplete condensation from the solar nebula and volatile loss during high-energy 
impacts. The diverse present-day volatile inventories of planetary bodies in the Solar 
System are the outcomes of unique histories of volatile accretion and loss. Consequently, 
chemical constraints on the timing and nature of volatile depletion in Solar System 
materials potentially inform our understanding of the processes that shaped planetary 
bodies in the Solar System as they grew and evolved to their present-day state.  
The long-lived radioactive rubidium-strontium (87Rb-87Sr) system provides a 
powerful chronometer for early Solar System events. Due to a high volatility of Rb 
relative to Sr, 87Sr/86Sr ratios record information about the timing of Rb/Sr fractionation 
by volatile loss or incomplete condensation. For Rb-poor Solar System materials, 
corrections for radiogenic ingrowth of 87Sr after the time of formation are small, such that 
initial 87Sr/86Sr ratios can be determined with far better precision than internal Rb-Sr 
isochron ages. Systematic variations observed in initial 87Sr/86Sr are interpreted to reflect 
differences in the timing of volatile depletion (and thus Rb/Sr fractionation) in various 
planetary bodies growing within in the proto-planetary disk (e.g., Papanastassiou and 
Wasserburg, 1969; Gray et al., 1973; Wasserburg et al., 1977a; 1977b; Halliday and 
Porcelli, 2001; Halliday, 2008). Thus, a chronology of early Solar System events may be 
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constructed based on relative variations in initial 87Sr/86Sr in planetary materials (i.e., Sr 
model ages), rather than absolute ages derived by the internal 87Rb-87Sr isochron method.  
Earth’s Moon is thought to have formed from a debris disk generated by a giant 
impact in the end stages of terrestrial accretion (Hartmann and Davis, 1975; Cameron and 
Ward, 1976) and is broadly characterized by a low abundance of volatile elements and 
compounds relative to the Earth (Ringwood, 1979). The Rb-Sr system was one of the first 
radiometric systems applied to constrain the timing of lunar formation. Papanastassiou 
and Wasserburg determined Sr model ages for lunar soils, basalts, anorthosites and a 
troctolite (Papanastassiou and Wasserburg, 1971; 1972b; 1972a; 1976a). In particular, 
Papanastassiou and Wasserburg (1972b) noted a measured 87Sr/86Sr for the lunar 
anorthosite 60025 lower than the basaltic achondritic best fit initial 87Sr/86Sr (BABI; 
Papanastassiou and Wasserburg, 1969). The authors argued for early separation of lunar 
precursor material with low Rb/Sr from the high Rb/Sr solar nebular environment in 
order to preserve the very primitive Sr isotopic composition observed in 60025. Based on 
these results and constraints from U-Pb, Wasserburg et al. (1977a) argued that the Moon 
formed before ~4.45 Ga. 
Additional age determinations for the lunar anorthosite 60025 were made based 
on U-Pb and 147Sm-143Nd systematics. Hanan and Tilton (1987) reported U-Pb data for 
the lunar anorthosite 60025 and calculated a 207Pb-206Pb model age of 4.520 ± 0.007 Ga. 
Carlson and Lugmair (1988) calculated a 147Sm-143Nd isochron age for 60025 of 4.44 ± 
0.02 Ga. The authors also reported 87Sr/86Sr data, and noted that if 60025 formed at 4.44 
Ga as indicated by 147Sm-143Nd systematics, then the initial 87Sr/86Sr determined for 
60025 required lunar derivation from a reservoir of material with Rb/Sr similar to the 
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bulk Earth. Halliday (2008) used the 60025 initial 87Sr/86Sr ratio of Carlson and Lugmair 
(1988) to calculate a Sr model age range of 70-110 Myr based on a Solar System initial 
87Sr/86Sr from the angrite SAH99555 and Efremovka CAI (Nyquist et al., 2003) and 
assuming an Earth-like Rb/Sr for lunar precursor material. In contrast, Borg et al. (2011) 
calculated a very late 60025 crystallization age of 4.360 ± 0.003 Ga based on 207Pb-206Pb, 
147Sm-143Nd and 146Sm-142Nd using a half-life for 146Sm of 103 Myr (a 146Sm-142Nd age of 
~4.40 Ga is calculated using the 68 Myr half-life recently determined by Kinoshita et al., 
2012). Borg et al. (2011) argued that either the Moon itself was young (formation up to 
~200 Myr after the first Solar System solids) or that the anorthosite crust was not 
generated in association with a lunar magma ocean. The authors noted that a late 
formation of the Moon would be consistent with 182Hf-182W studies arguing for lunar 
formation after the extinction of 182Hf at ~60 Myr (Touboul et al., 2007). However, since 
the Moon and Earth have indistinguishable Hf/W ratios (e.g., Elkins-Tanton et al., 2011) 
as well as identical W isotopic compositions (Touboul et al., 2007), no inference can be 
made regarding the age of the Moon from Hf-W systematics (cf. Yu and Jacobsen, 2011).   
Constraints on the timing of Moon formation inform our understanding of Earth’s 
accretion, segregation of the metallic core, silicate differentiation, early mantle 
outgassing and formation of the atmosphere (e.g., Chapter 3; Pepin and Porcelli, 2006; 
Touboul et al., 2007; Jacobsen et al., 2008; Yu and Jacobsen, 2011). Furthermore, the 
timing of the Moon-forming giant impact provides information about the timescales of 
planetary growth and the era of giant impacts in early Solar System history. Thus, a strict 
constraint on the age of the Moon is critical to our understanding of both the early Earth 
and the broader evolution of the Solar System. Here we present a new suite of high-
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precision 87Sr/86Sr determinations for the lunar anorthosite 60025, a plagioclase separate 
from the cumulate eucrite Moore County, the eucrite Juvinas and the angrite D’Orbigny. 
We compute initial 87Sr/86Sr ratios for lunar anorthosite 60025 and Moore County 
plagioclase and place these in context of a normalized compilation of initial 87Sr/86Sr data 
from the literature. Based on Sr isotopic systematics in 60025 and Moore County 
plagioclase, we examine various models of Rb-Sr evolution and explore implications for 
the timing and extent of volatile depletion in the early Solar System.  
 
5.2 SAMPLES AND METHODS 
 Four samples were selected for Sr isotopic analysis: one 25 mg piece of the lunar 
ferroan anorthosite 60025; strontium separated from Moore County plagioclase 
generously provided by D. A. Papanastassiou; two separate pieces of the basaltic eucrite 
Juvinas of 47 mg and 384 mg; and a 232 mg piece of the angrite D’Orbigny provided by 
B. P. Weiss. Samples were dissolved as small chips with the exception of the D’Orbigny 
sample, which was gently crushed in a stainless steel mortar prior to dissolution. 
 
5.2.1 Dissolution and chemical separation of Sr 
Samples were dissolved in 1:3:4 HF:HCl:HNO3 at 180°C, dried and re-dissolved 
in excess concentrated nitric acid 2-3 times, and lastly dried and re-dissolved in 6N 
hydrochloric acid to ensure total dissolution. Chemical separation of Sr was achieved by 
column chromatography using the Eichrom Sr Spec ion exchange resin. Clean 6 mL 
Savillex PFA microcolumns were prepared with polyethelene frits and 200 μL of Sr Spec 
resin, which was discarded after each use. The resin column was built in Milli-Q purified 
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water (18.2 MOhm), washed with 2 reservoir volumes of Milli-Q water and then 
conditioned with 2 mL of 3N nitric acid. Samples were taken up in 200 μL of 3N nitric 
acid and loaded onto the columns. All elements except Sr were eluted using 2 mL of 3N 
nitric acid, and an additional 3 mL of 3N nitric acid was used to elute Ba (for a total of 5 
mL 3N nitric acid). Sr was eluted with 2 mL of Milli-Q purified water and dried down.  
To load sample Sr onto filaments, 300-500 ng of Sr were picked up in 2 μL of 
0.3N nitric acid and mixed with 0.5 μL of 8N phosphoric acid. Samples were loaded onto 
Ta single filaments held at a current of 1 amp and heated to dryness. The current was 
slowly raised and held at 1.5 amps for 5 minutes, slowly heated to a dark red glow was 
apparent (typically at 2.8 amps), held for 2-3 seconds and then quickly turned down to 
zero amps. 
 
5.2.2 Thermal ionization mass spectrometry 
 Strontium isotope ratios were measured by thermal ionization mass spectrometry 
(TIMS) using the GV Isoprobe-T at Harvard using a multi-dynamic collection method 
with two magnet steps using Xact amplifier boards generously provided by Isotopx. In 
the first step, 84Sr, 86Sr, 87Sr and 88Sr are collected on the L2, H1, H2 and H3 cups, 
respectively, and a correction for 87Rb interference on the H2 cup is made based on 85Rb 
monitored on the axial cup. In the second step, 84Sr, 86Sr, 87Sr and 88Sr are collected on 
the axial, H2, H3 and H4 cups, respectively, and a correction for 87Rb interference on the 
H3 cup is made based on 85Rb monitored on the H1 cup. In all runs, the rubidium 
interference correction is negligible (< 3 ppm). Samples ran for 10-50 blocks of 10 cycles 
each with an integration time of 10 seconds. Measured isotope ratios were corrected for 
 172
instrumental mass fractionation to 86Sr/88Sr = 0.1194 using an exponential fractionation 
law.  
NIST SRM 987 and Pacific seawater standard analyses bracket our sample 
analyses to monitor instrumental drift and external reproducibility. The two-step 
multicollection method enables the cancellation of cup factors and affords improved 
external reproducibility of standards compared to a static multicollection method. We 
achieve 4 ppm (2 standard error) external reproducibility on both standards (Figure 5.1). 
The first Juvinas split was analyzed in the summer of 2013, while all other samples were 
analyzed in the spring of 2014. A slight shift (~12 ppm) in the absolute average values 
for NIST SRM 987 and Pacific seawater was observed between the two analytical 
periods; however, the offset measured between the two standards remained constant 
(Figure 5.2). The shift is likely due to replacement of parts in the Faraday amplifier and 
control unit during the interval between the two analytical periods.  
Figure 5.1 Analyses of standard reference materials in Spring 2014. Runs for (a) Pacific 
seawater and (b) NIST SRM 987 typically lasted 20-50 blocks of 10 cycles each. Block-
averaged run data (each run represents a distinct filament) and 2σ errors are shown. The 
grand mean and 2 standard errors are indicated by the bold line and shaded interval. We 
are able to achieve 4 ppm (2 standard error) precision in our measurements. 
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Figure 5.2 Analyses of standard reference materials in (a) Summer 2013 and (b) Spring 
2014. A slight shift (~12 ppm) in the absolute means for Pacific seawater and SRM 987 
is observed between the two analytical periods, and is likely related to replacement of 
parts in the Faraday amplified and control unit in the winter of 2013. However, the offset 
between the two standards is constant within the uncertainties between the two analytical 
periods.  
 
5.3 RESULTS 
We present high-precision Sr isotopic data for the lunar anorthosite 60025, a 
plagioclase separate from the cumulate eucrite Moore County, two splits of the eucrite 
Juvinas and the angrite D’Orbigny. NIST SRM 987 and a sample of Pacific seawater 
were measured repeatedly as standards in order to monitor instrumental performance, and 
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to provide a common point of reference with literature data. Here we present our 
measurements of 87Sr/86Sr in standard reference materials (Table 5.1) and a suite of 
planetary materials (Table 5.2), as well as determinations of initial 87Sr/86Sr in Juvinas, 
Moore County plagioclase and the lunar anorthosite 60025. Since we have precisely 
measured the offset between NIST SRM 987 and Pacific seawater, we are able to 
properly normalize data from a large set of studies that report only one or the other of 
these standards (Table 5.3, Table 5.4). Thus, we place our results in context by 
constructing a new normalized compilation of initial 87Sr/86Sr variations in planetary 
materials. 
 
5.3.1 Measurements of 87Sr/86Sr in planetary materials 
Strontium isotopic results are presented in Figure 5.3 and Table 5.2. Figure 5.3a 
shows block-averaged run data for 3 filaments loaded with Sr purified from lunar 
anorthosite 60025. We measure a grand mean 87Sr/86Sr ratio of 0.699103 ± 4 (2 standard 
errors) for 60025. Using a 60025 87Rb/86Sr ratio of 0.00028 (Papanastassiou and 
Wasserburg, 1972b), we compute an initial 87Sr/86Sr of 0.699085  ± 4 (2 standard errors). 
Figure 5.3b shows block-averaged run data for 4 filaments loaded with Sr purified from 
Moore County plagioclase. We measure a grand mean 87Sr/86Sr ratio of 0.699085 ± 6 (2 
standard errors) for Moore County plagioclase. Using a Moore County plagioclase 
87Rb/86Sr ratio of 0.0011 (Papanastassiou and Wasserburg, 1972a), we compute an initial 
87Sr/86Sr of 0.699012  ± 6 (2 standard errors). 
Figure 5.3c shows block-averaged run data for 4 filaments loaded with Sr purified 
from Juvinas split 1. We measure a grand mean 87Sr/86Sr ratio of 0.699236 ± 8 (2 
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Figure 5.3 Measured 87Sr/86Sr in planetary materials. Runs typically lasted 10-50 blocks 
of 10 cycles each. Block-averaged run data (each run represents a distinct filament) and 
2σ errors are shown. The grand mean and 2 standard errors are indicated by bold lines 
and shaded intervals.  
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standard errors) for Juvinas split 1. Block-averaged run data for 3 filaments loaded with 
Sr purified from Juvinas split 2 (Figure 5.3d) yield a grand mean 87Sr/86Sr ratio of 
0.699472 ± 4 (2 standard errors). Figure 5.3e shows block-averaged run data for 3 
filaments loaded with Sr purified from the angrite D’Orbigny. We measure a grand mean 
87Sr/86Sr ratio of 0.699146± 14 (2 standard errors) for D’Orbigny.  
 
5.3.2 A new normalized compilation of initial 87Sr/86Sr in planetary materials  
Halliday and Porcelli (2001) compiled Sr isotopic data from the literature on the 
oldest Solar System materials and lunar rocks, and discussed these as supporting a late 
Moon formation (70-110 million years). In order to make chronological comparisons 
across a wide array of literature Sr data obtained on several generations of mass 
spectrometers in different labs over many decades, Halliday and Porcelli (2001) 
normalized their compiled data based on reported measurements of the widely-used 
National Institute of Standards and Technology SrCO3 standard NIST SRM 987. 
However, the earliest Rb-Sr studies in Solar System materials reported only Pacific 
seawater as a standard (Papanastassiou and Wasserburg, 1969; 1972b; 1972a; Gray et al., 
1973; 1976a; 1976b; Wasserburg et al., 1977b; Jacobsen and Wasserburg, 1984). Since 
inter-laboratory biases exist on the order of tens of ppm (far greater than the uncertainties 
in modern data), a precise determination of the offset between the NIST SRM 987 
standard and Pacific seawater is required to reliably normalize literature data for 
comparison with modern data. 
Our precise determination of 87Sr/86Sr in NIST SRM 987 and Pacific seawater 
(Figure 5.1, Figure 5.2) allows us to correct for inter-laboratory biases in literature data 
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that use either material as a standard. We present an internally consistent compilation of 
literature initial 87Sr/86Sr data for early Solar System materials (Tables 5.3, 5.4; Figures 
5.4, 5.5). Figure 5.4 shows initial 87Sr/86Sr data grouped by study and indicates the 
reference material reported for each study (Table 5.3). Studies that reported initial 
87Sr/86Sr along with Pacific seawater as a standard reference material (Papanastassiou and 
Wasserburg, 1969; 1972b; 1972a; Gray et al., 1973; 1976a; 1976b; Wasserburg et al., 
1977b; Jacobsen and Wasserburg, 1984) are normalized to our value for Pacific seawater 
of 0.709180, while studies that reported initial 87Sr/86Sr along with NIST SRM 987 
(Allegre et al., 1975; Podosek et al., 1991; Lugmair and Galer, 1992; Nyquist et al., 1994; 
Nyquist et al., 2003; Tonui et al., 2003; Hans et al., 2013) are normalized to our value for 
NIST SRM 987 of 0.710253. Figure 5.5 shows initial 87Sr/86Sr determined by different 
studies grouped by material (Table 5.4). 
 
5.4 DISCUSSION 
 We have determined initial 87Sr/86Sr ratios for Moore County plagioclase and the 
lunar anorthosite 60025 and placed them in context of a new compilation of normalized 
literature data. Here we discuss implications of our results for volatile depletion in the 
proto-planetary disk and the chronology of the early Solar System. 
 
5.4.1 Issues resolved by our new normalization 
 Using a new normalization based on our measurements of NIST SRM 987 and 
Pacific seawater (Figure 5.4, Figure 5.5), we find that some samples with discrepant 
reported initial 87Sr/86Sr values agree within error when properly normalized: for 
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Figure 5.4 Normalized compilation of literature initial 87Sr/86Sr in planetary materials. 
Data are grouped by study, with the most recent studies at the top. For studies that report 
NIST SRM 897 as a standard, data are normalized based on SRM 987 87Sr/86Sr = 
0.710253 (dashed blue line) while data from studies that report seawater as a standard are 
normalized using seawater 87Sr/86Sr = 0.709180 (dashed red line; Table 5.1). Gray dotted 
reference lines for our determinations of Juvinas and Moore County plagioclase initials 
are given. 
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example, Moore County plagioclase from Papanastassiou and Wasserburg (1972a), 
Carlson and Lugmair (1988), Lugmair and Galer (1992) and Hans et al. (2013) all agree. 
Our determination of initial 87Sr/86Sr in the eucrite Juvinas reproduces the determinations 
of Papanastassiou and Wasserburg (1969) and Allegre et al. (1975) an order of magnitude 
improvement in the uncertainty.  
However, some differences in initial 87Sr/86Sr data persist after normalization. For 
example, normalized determinations of initial 87Sr/86Sr in angrites Angra dos Reis and 
LEW86010 do not agree within their uncertainties (Figure 5.5; Wasserburg et al., 1977b; 
Lugmair and Galer, 1992; Nyquist et al., 1994; Hans et al., 2013). Our determination of 
Moore County plagioclase initial 87Sr/86Sr initial agrees within error of the determination 
by Papanastassiou and Wasserburg (1976a), but does not agree with other determinations 
within the uncertainties (Figure 5.5; Carlson and Lugmair, 1988; Lugmair and Galer, 
1992; Hans et al., 2013). We note that early data was corrected for mass fractionation 
during analysis using a linear or power law, neither of which is accurate to the level we 
achieve in our measurements. More recent studies generally apply an exponential law to 
correct for mass fractionation during analysis as this provides a better fit for thermal 
ionization data (e.g., Russell et al., 1978).  Thus, variations in the mass fractionation law 
applied to correct measured data may introduce bias between studies. It is also possible 
that discrepancies are related to mixing of distinct mass fractionation trends during 
analysis, reflecting concurrent ionization of distinct sample spots on a single filament. 
Depending on the extent of differential mass fractionation, such a process could result in 
an offset in measured 87Sr/86Sr greater than the uncertainties in modern measurements. 
Lastly, we note that differences in the initial 87Sr/86Sr for lunar anorthosite 60025 persist 
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after correcting for inter-laboratory bias (Figure 5.5; this study; Papanastassiou and 
Wasserburg, 1976a; Carlson and Lugmair, 1988), though our own determination agrees 
well with that of Carlson and Lugmair (1988). This may reflect the fact that 60025 is a 
shocked monomict breccia: the lunar crust experienced significant bombardment, such 
that individual plagioclase grains may have been reset at different points during early 
lunar history. Accordingly, the true 60025 initial 87Sr/86Sr may be lower than the value 
we have determined here. 
 
5.4.2 Early Solar System Rb-Sr chronology  
Here we construct a chronology of early Solar System volatile depletion based on 
relative variations in initial 87Sr/86Sr. We note that CAIs exhibit large variations in 
84Sr/86Sr that likely reflect Sr nucleosynthetic anomalies (Moynier et al., 2012). 
Furthermore, initial 87Sr/86Sr values determined for CAIs from Allende and Efremovka 
differ significantly (Figure 5.5; Gray et al., 1973; Podosek et al., 1991; Nyquist et al., 
2003). Consequently, 87Sr/86Sr in CAIs may not represent the bulk initial Solar System 
87Sr/86Sr. Instead, we use the Moore County plagioclase to estimate the Solar System 
initial 87Sr/86Sr. Magmatism on the eucrite parent body was likely driven by heat 
produced by short-lived radioactivities (26Al, 53Mn, 60Fe; e.g., Urey, 1955; Lee et al., 
1976; Shukolyukov and Lugmair, 1993; Lugmair and Shukolyukov, 1998; Srinivasan et 
al., 1999; Bizzarro et al., 2005; Schiller et al., 2010). Formation of the eucrite Juvinas 
was dated by short-lived 26Al-26Mg systematics to 3 Myr after CAIs (Schiller et al., 
2010). Given that the Moore County plagioclase initial 87Sr/86Sr is either similar to (Hans 
et al., 2013) or lower than the initial 87Sr/86Sr determined for Juvinas (Papanastassiou and 
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Wasserburg, 1969; Allegre et al., 1975), Moore County likely also crystallized by ~3 
Myr. We note that the ~80 ppm difference in initial 87Sr/86Sr between Juvinas and Moore 
County may reflect the fact that Juvinas is brecciated and may have been reset subsequent 
to crystallization. Therefore we estimate the Solar System initial 87Sr/86Sr by anchoring 
eucrite parent body evolution to the Moore County plagioclase initial 87Sr/86Sr at 3 Myr 
and tracking back to time zero using a bulk eucrite parent body 87Rb/86Sr ratio of 
0.003294 (Table 5.5). 
 
 
Having established an estimate of the Solar System initial 87Sr/86Sr, we may 
explore models of Sr isotopic evolution that generated the initial 87Sr/86Sr determined for 
the lunar anorthosite 60025. If Rb/Sr fractionation was predominantly driven by volatile 
loss driven by impacts, then proto-planetary material initially spent some amount of time 
in an environment with very high Rb/Sr (close to the solar ratio of ~0.6; Gray et al., 
1973). This first stage of very rapid Sr isotopic evolution may have been followed by any 
number of stages of evolution with successively lower Rb/Sr. Example three-stage 
evolution models of 60025 Sr isotopic evolution are illustrated in Figure 5.6. The Moore 
County plagioclase initial 87Sr/86Sr at 3 Myr is shown as a blue circle with the Solar 
System initial indicated at the y-axis intercept. In such progressive Rb/Sr depletion 
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Figure 5.6 Three stage evolution models of Sr isotopic evolution. The Solar System 
initial 87Sr/86Sr is estimated using the Moore County plagioclase initial 87Sr/86Sr anchored 
at 3 Myr and the eucrite parent body (EPB) 87Rb/86Sr (Table 5.5). If Rb/Sr fractionation 
occurs dominantly by progressive volatile depletion associated with impacts during 
accretion, then lunar precursor material spent some unconstrained amount of time in an 
environment with high Rb/Sr (the solar value of ~0.6 is indicated in red), and then 
evolved with lower 87Rb/86Sr – either Earth-like (shown in gold) or Moon-like 87Rb/86Sr 
(shown in brown) – such that the time of lunar formation is unconstrained. 
 
models, the timing of lunar formation is unconstrained by Rb-Sr systematics, as the 
amount of time spent in an environment with high Rb/Sr is unknown (Figure 5.6).  
Although progressive depletion models yield no Rb-Sr age constraints, we may 
apply independent age constraints for 60025 in order to estimate the time-averaged or 
“effective” 87Rb/86Sr of 60025 precursor material (e.g., Halliday and Porcelli, 2001). 
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Based on our estimate of the Solar System initial and our determination of the 60025 
initial 87Sr/86Sr, we compute the effective 87Rb/86Sr ratio of the precursor material for 
60025 as a function of the age of 60025 (Figure 5.7). For a later time of 60025 formation, 
a lower effective 87Rb/86Sr ratio is required in the precursor material. A time of formation 
of ~50-70 Myr after the start of the Solar System indicates an Earth-like effective 
87Rb/86Sr of ~0.08. We note that for 60025 formation ages greater than 200 Myr after the 
start of the Solar System, the precursor material for 60025 must have evolved with 
effective 87Rb/86Sr lower than the bulk Moon value of ~0.03. Such sluggish Sr isotopic 
evolution would require that the precursor material for 60025 never mixed or equilibrated 
with either bulk Earth material or bulk Moon material; i.e., that the source of the lunar 
anorthosite crust was never in equilibrium with the rest of the Moon. However, lunar 
mare basalts exhibit Eu anomalies consistent with a mantle source that was genetically 
related to the anorthosite crust (Taylor and Jakes, 1974); accordingly, an isolated source 
for lunar anorthosites with 87Rb/86Sr lower than the bulk Moon is improbable, and 60025 
ages greater than ~200 Myr are ruled out. 
An alternative model of volatile depletion holds that Rb/Sr fractionation in the 
early Solar System was driven primarily by incomplete condensation from the solar 
nebula rather than progressive volatile loss. Thus, differences in Rb/Sr were established 
very early in Solar System history, such that planetary bodies evolved with Rb/Sr ratios 
similar to their bulk Rb/Sr throughout early Solar System history. We note that the lunar 
Rb/Sr is about a factor of 3 lower than bulk Earth Rb/Sr (Table 5.5), consistent with 
overall lunar volatile depletion relative to the (Ringwood, 1979). The Moon likely formed 
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Figure 5.7 Effective 87Rb/86Sr in the lunar precursor as a function of the crystallization 
age of 60025. For a later time of 60025 formation, a lower effective 87Rb/86Sr ratio is 
required in the precursor material. For 60025 formation ages greater than ~186 Myr after 
the start of the Solar System, the precursor material for 60025 must have evolved with 
effective 87Rb/86Sr lower than the bulk Moon value of ~0.03; i.e., a very late 
crystallization age of 60025 requires that the source of the lunar anorthosite crust was 
never in equilibrium with the rest of the Moon. In contrast, a crystallization age of ~50-
70 Myr after the start of the Solar System indicates an Earth-like effective 87Rb/86Sr of 
~0.08 in the lunar precursor. 
 
from a debris disk generated by a giant impact in the end stages of terrestrial accretion 
(Hartmann and Davis, 1975; Cameron and Ward, 1976). Impact parameters such as the 
relative size of the impactor and the spin state of the target are debated; depending on the 
giant impact model, the Moon is either derived primarily from impactor material (Canup, 
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2004) or from the proto-Earth (Cuk and Stewart, 2012). If the Moon formed mostly from 
the impactor (Canup, 2004), then the impactor was either always characterized by bulk 
lunar Rb/Sr, or was more volatile-rich (with no constraints on Rb/Sr beyond an upper 
limit solar Rb/Sr) and achieved the bulk lunar Rb/Sr through some volatile depletion 
process related to lunar formation. Alternatively, if the Moon is derived primarily from 
the Earth (Cuk and Stewart, 2012), then the precursor material for 60025 evolved with an 
Earth-like Rb/Sr and some process associated with lunar formation drove Rb depletion to 
generate a lower bulk Moon Rb/Sr.  
Figure 5.8 illustrates two endmember two-stage models of Sr evolution. In the 
first endmember model, proto-Earth material evolves from the Solar System initial 
87Sr/86Sr (0.699012 ± 6; determined based on Moore County plagioclase) with Earth-like 
Rb/Sr and reaches the 60025 initial 87Sr/86Sr value of 0.699085 ± 4 at ~62 Myr. We note 
that this Sr model age is similar to the 207Pb-206Pb age determined for 60025 by Hanan 
and Tilton (1987), indicated within the figure. If the Moon is derived largely from the 
proto-Earth and the age of 60025 is relatively old (~50-60 Myr), then 60025 must have 
formed rapidly after lunar formation, as the amount of time spent in a reservoir with low 
(e.g., bulk lunar) 87Rb/86Sr is necessarily limited. If instead the Moon is derived 
dominantly from impactor material with lunar 87Rb/86Sr, proto-lunar material evolves 
from the Solar System initial 87Sr/86Sr with lunar 87Rb/86Sr and reaches the 60025 initial 
87Sr/86Sr value of 0.699085 ± 4 at ~186 Myr. We note that for late crystallization ages of 
~200 Myr (Borg et al., 2011), a bulk lunar effective 87Rb/86Sr is required (Figure 5.7, 
Figure 5.8). In this case, no fractionation of 87Rb/86Sr occurs upon lunar formation.  
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Figure 5.8 Two-stage Sr isotopic evolution models. The Solar System initial 87Rb/86Sr is 
estimated based on Moore County plagioclase (see Figure 5.6 caption). The first stage of 
Sr isotopic evolution occurs in the lunar precursor body; the second stage is evolution 
after the crystallization of 60025 (green curves). Planetary bodies that are more volatile-
depleted have low Rb/Sr and evolve slowly (shallow slopes; e.g., the eucrite parent body, 
EPB, shown in blue) while less volatile-depleted bodies evolve with steeper slopes. If the 
precursor material for 60025 evolved with an Earth-like Rb/Sr (gold curve), then the Sr 
model age for 60025 is 62 Myr, similar to the 60025 207Pb-206Pb age determination by 
Hanan and Tilton (1987; shaded grey band). If the precursor material for 60025 evolved 
with a bulk lunar Rb/Sr (brown curve), then the Sr model age for 60025 is 186 Myr. In 
this case, 60025 precursor material was never part of the proto-Earth, and the Moon is 
derived mostly from an impactor that evolved with distinct Rb/Sr for the first 186 Myr of 
Solar System history.  
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Consequently, the amount of Sr isotopic evolution along this bulk lunar trajectory that 
occurred prior to the Moon-formation giant impact is unconstrained. Accordingly, the Sr
model age for 60025 is young (186 Myr), but the Moon may have formed at any point 
between time zero and 186 Myr.  
The Earth and Moon are isotopically indistinguishable in O, Ti, Cr and W 
isotopes (Lugmair and Shukolyukov, 1998; Wiechert et al., 2001; Touboul et al., 2007; 
Zhang et al., 2012). This observation is most consistent with a Moon-forming giant 
impact in which the Moon is derived from the proto-Earth (Cuk and Stewart, 2012). Such 
a model requires 87Rb/86Sr fractionation upon lunar formation to generate the bulk lunar 
87Rb/86Sr ratio. Paniello et al. (2012) argue that mass-dependent fractionation of 
moderately-volatile Zn occurred by evaporative loss from a lunar magma ocean. 
However, evaporation of Zn or Rb from a lunar magma ocean does not necessarily drive 
bulk lunar volatile depletion, as both species are relatively heavy and are thus likely to 
remain gravitationally bound to the Moon. Humayun and Clayton (1995) found that lunar 
K isotopes are not fractionated and argued for lunar volatile depletion by incomplete 
condensation. Accordingly, Stewart et al. (2013) argued that lunar accretion after the 
Moon-forming giant impact ended before the proto-lunar disk had cooled below the 
condensation temperatures for moderately volatile elements. Regardless of the 
mechanism of volatile depletion, if the Moon is derived from proto-Earth material, Sr 
isotopes evolve from the Solar System initial 87Sr/86Sr with Earth-like 87Rb/86Sr until 
lunar formation, after which point the lunar material evolves with bulk lunar 87Rb/86Sr 
until 60025 crystallizes. Figure 5.9 illustrates example three-stage Sr evolution models:  
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Figure 5.9 Three-stage models illustrating Sr isotopic evolution if the Moon is derived 
from the proto-Earth. In the first stage, 60025 precursor material evolves from the Solar 
System initial with Earth Rb/Sr (gold curve) until the time of the Moon-forming giant 
impact (examples are illustrated as red starbursts). Rb/Sr is fractionated in the aftermath 
of the giant impact. Thus, 60025 precursor material evolves in the second stage with 
lunar Rb/Sr (see Table 5.5) until the time of 60025 crystallization (indicated by green 
triangles). After crystallization, 60025 Sr isotopes evolve according to the 60025 Rb/Sr 
ratio (green curves; Table 5.2). Later crystallization ages for 60025 require earlier times 
of Moon formation. For crystallization ages > 180 Myr, the Moon forms near the start of 
the Solar System and 60025 precursor material spends its whole history evolving with 
lunar Rb/Sr. In this case, the giant impact model is not applicable. If the Moon is derived 
from the proto-Earth, the latest time of Moon formation is given by the limit where 60025 
crystallizes very rapidly from the lunar magma ocean (~62 Myr) and thus spends no time 
evolving with lunar Rb/Sr.  
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the first stage is evolution in the proto-Earth until the formation of the Moon; the second 
stage is evolution in the lunar magma ocean; and the third stage is isotopic evolution
within the anorthosite 60025 after crystallization. Figure 5.9 illustrates that if the Moon is 
derived from proto-Earth material, then there is an inverse relationship between the 
crystallization age of 60025 and the time of Moon formation, and the Moon formed at the 
latest ~62 Myr after the start of the Solar System. For the earliest 60025 crystallization 
age, the Moon formed at 62 Myr and 60025 crystalized very shortly thereafter. For later 
crystallization age of 60025, a larger portion of Sr evolution was accomplished with low 
Rb/Sr, such that the Moon formed earlier. Very late formation of 60025 (~200 Myr, Borg 
et al., 2011) requires that the Moon formed very rapidly after the start of the Solar 
System, at which point the giant impact model of lunar formation is not applicable, and 
an alternate explanation for the isotopic similarity between the Earth and Moon is 
required. 
We conclude our discussion by noting that determination of the Solar System 
initial 87Sr/86Sr is critically important to Sr model age determinations. For example, our 
computed Sr model age for 60025 using an Earth-like 87Rb/86Sr is significantly older 
(~62 Myr) than that computed by Halliday (~90 Myr; 2008), although our normalized 
initial 87Sr/86Sr values for 60025 agree within error (0.699085  ± 4 from this study; 
0.699071 ± 10 from Carlson and Lugmair, 1988). This difference reflects the fact that we 
use a Solar System initial calculated based on initial 87Sr/86Sr in Moore County 
plagioclase (Solar System initial of 0.699012 ± 6), while Halliday (2008) utilizes the 
Efremovka CAI initial from Nyquist et al. (2003) of 0.69894 ± 2, > 70 ppm lower than 
our Solar System initial. We have noted that CAIs may not accurately reflect the 
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composition of the bulk Solar System; 84Sr/86Sr indicating r-process excesses in CAIs 
(Hans et al., 2013) would necessitate upward correction of measured 87Sr/86Sr in CAIs. 
Hans et al. (2013) recently determined initial 87Sr/86Sr ratios determined for eucrites and 
angrites and corrected initial 87Sr/86Sr ratios in Allende CAIs that are indistinguishable 
within errors. Based on relatively uniform observed initial 87Sr/86Sr in planetary 
materials, the authors argued for early volatile depletion due to incomplete condensation 
and rapid subsequent accretion of planetary bodies. In light of persistent offsets in 
normalized initial 87Sr/86Sr between studies (Figure 5.4, Figure 5.5), determination of 
initial 87Sr/86Sr in lunar samples, angrites and eucrites within a single laboratory are 
necessary to better constrain the initial Solar System 87Sr/86Sr and the resulting Sr model 
ages of lunar rocks.  
 
5.5 CONCLUSIONS 
We present a new suite of high-precision 87Sr/86Sr determinations for lunar 
anorthosite 60025, Moore County plagioclase, the eucrite Juvinas and the angrite 
D’Orbigny. We compute initial 87Sr/86Sr ratios for the lunar anorthosite 60025, Juvinas 
and Moore County plagioclase and place these in context of a normalized compilation of 
initial 87Sr/86Sr data from the literature. Careful normalization of literature data resolves 
some discrepancies among different studies; however, in many cases, inter-laboratory 
differences persist. Based on Sr isotopic systematics in 60025 and Moore County 
plagioclase, we find that if the Moon is derived from proto-Earth material, then lunar 
formation occurred prior to ~62 Myr.  
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APPENDIX 1: HYPERBOLIC FITTING  
 
Mixing between two components in nonlinear isotope spaces (i.e., isotope ratio 
spaces where the normalizing isotopes in the x- and y-coordinate isotope ratios differ) 
can be described as a hyperbola of the form: 
Ax + Bxy + Cy + D = 0 Eq. A1.1 
(e.g., Langmuir et al., 1978). In this thesis, we consider mixing in a number of nonlinear 
isotope spaces. Syn-to post-eruptive atmospheric contamination of mantle-derived basalts 
generates hyperbolic trends in 40Ar/36Ar – 20Ne/22Ne, 129Xe/130Xe – 40Ar/36Ar and 
129Xe/132Xe – 40Ar/36Ar isotopic spaces. A best-fit hyperbola reflecting two-component 
mixing between air and mantle is determined based on total least squares regression to 
find the best-fit hyperbola for a given set of step-crush data. Here we describe our 
hyperbolic regression algorithm in more detail. 
 
A1.1 Mixing endmembers and the hyperbolic mixing equation 
 For samples with well-defined mixing arrays, we model mixing between an 
atmospheric component and a mantle component. One mixing endmember is taken to 
have the Ne, Ar and Xe isotopic composition of modern atmosphere (20Ne/22Ne = 9.8; 
40Ar/36Ar = 296; 129Xe/130Xe = 6.496; 129Xe/132Xe = 0.9832; Porcelli et al., 2002). The 
mantle endmember 20Ne/22Ne is taken to be 12.5 for mid-ocean ridge basalts (Ballentine 
et al., 2005). The coefficients of the mixing hyperbola (A, B, C and D; Equation A1.1) 
reflect the x- and y- coordinate isotopic ratios of the endmembers (designated by rAx and 
rAy for the atmospheric endmember; rMx and rMy for the mantle endmember) as well as 
the concentrations of the normalizing isotopes in each of the endmembers (designated by 
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cAx, cAy, cMx and cMy for the concentrations of the x- and y-coordinate normalizing 
isotopes for atmospheric and mantle components, respectively): 
A = cMy*cAx*rMy - cMx*cAy*rAy Eq. A1.2 
B = cMx*cAy - cAx*cMy Eq. A1.3 
C = cMy*cAx.*rAx - cAy.*cMx.*rMx                                                       Eq. A1.4 
D = cMx*cAy* rAy*rMx - cAx*cMy*rMy*rAx Eq. A1.5 
 
However, for the purposes of finding the best fit hyperbola (rather than placing 
constraints on the mixing proportions of the two components), it is not necessary to 
specify cAx, cAy, cMx and cMy individually. The curvature of the hyperbola depends 
only on the relative abundances ratios in the two endmembers, k: 
cAy/cAx
cMy/cMxk  Eq. A1.6 
 
In our algorithm, we set cAx, cAy and cMx to 1 and let cMy vary. In this case, k = cMy. 
The expressions for A, B, C and D can be simplified to: 
A = cMy*rMy - rAy Eq. A1.7 
B = 1 - cMy Eq. A1.8 
C = cMy.*rAx - rMx                                                                                    Eq. A1.9 
D = rAy*rMx - cMy*rMy*rAx Eq. A1.10 
 
We note that rAx and rAy are the known atmospheric x- and y- coordinate isotopic ratios, 
and rMx is the known mantle endmember composition (all hyperbolic fits start with an 
extrapolation to mantle 20Ne/22Ne of 12.5; Chapter 3, Chapter 4). Therefore, the shape of 
 204
the hyperbola depends on two parameters: the curvature k = cMy, and the mantle 
endmember y-coordinate isotope ratio (rMy, which is the extrapolated mantle source 
composition) at the known mantle x-coordinate composition. Our approach is to perform 
a grid search of the two unknown parameters (curvature of the hyperbola and the 
extrapolated mantle source y-coordinate isotope ratio) to find the combination that 
minimizes the sum of squared residuals (defined below) for each step-crushed sample.  
 
A1.2 Total least squares regression 
 For each individual sample with multiple step-crushes, we define a wide grid 
search parameter space and iterate the fitting process to refine our search windows. Once 
the search windows are set, for each combination of curvature (cMy) and mantle source 
endmember composition (rMy), we compute the coefficients of the mixing hyperbola 
using Equations A1.7-A1.10 and the known isotope ratios rAx, rAy and rMx. For a given 
candidate hyperbola, we identify the closest point along the hyperbola to each data point 
(xi ± σxi, yi ± σyi) by finding the root (using a hybrid Newton-Raphson / bisection method) 
of the first derivative of the sigma-normalized distance function: 
22
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Where (m,n) are points along the hyperbola:  
CBm
DAmn 
  Eq. A1.12 
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We monitor the sign of the first derivative of D2 around the root (mi, ni) for each data 
point (xi, yi) to ensure that we have found the minimum. The line connecting (mi, ni) and 
(xi, yi) is orthogonal to the hyperbola. Thus, the minimal orthogonal distance from the 
candidate hyperbola for each data point is identified.  
 We are then able to compute the χ2 cost function for the candidate hyperbola: 
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Eq. A1.13 
 
where (xi ± σxi, yi ± σyi) are the N observed data points for a given sample and (mi, ni) are 
the σ–normalized closest points to the data along the candidate hyperbola.  
We repeat this computation for each combination of curvature and mantle 
endmember y-coordinate isotope ratio. The combination of curvature and mantle 
endmember that minimizes the cost function gives the best fit hyperbola. The 68.3% 
confidence contour for the parameter space is defined where the fit degrades by a fixed 
amount  χ2 ≤ χ2min + 2.30 (for a 2 parameter fit; e.g., Press et al., 1992). The 68.3% 
confidence interval on the mantle endmember y-coordinate isotope ratio is determined 
using the lowest χ2 at each mantle endmember y-coordinate isotope ratio (given free 
variation in the curvature) to define the interval where χ2 ≤ χ2min + 2.30 (chi-square wells 
for each of our fits are given in the subsequent appendices). 
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Table A2.1 Compilation of measured magmatic H2O contents by tectonic setting 
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Table A2.1 (continued) Compilation of measured magmatic H2O contents by tectonic 
setting 
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Supplementary Table A3.1 Southwest Indian Ridge 7-25°E He, CO2, Ne, Ar and Xe 
abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Supplementary Table A3.1 (continued) Southwest Indian Ridge 7-25°E He, CO2, Ne, 
Ar and Xe abundances and He, Ne, Ar and Xe isotopic compositions. 
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Figure A4.1 Chi-square as a function of mantle endmember 129Xe/132Xe for SWIR 
Orthogonal Supersegment samples. All terms same as in Figure A3.3 and caption. 
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Figure A4.2 Linear least squares determinations of mantle source 130,131,134,136Xe/132Xe 
(bold open symbols) for Western Orthogonal Supersegment. 
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Figure A4.3 Linear least squares determinations of mantle source 130,131,134,136Xe/132Xe 
(bold open symbols) for Eastern Orthogonal Supersegment. 
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Figure A4.4 Linear least squares determinations of mantle source 130,131,134,136Xe/132Xe 
(bold open symbols) for AG22 1-1 & 1-4. 
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Figure A4.5 Linear least squares determinations of mantle source 130,131,134,136Xe/132Xe 
(bold open symbols) for KN162-7 11-25. 
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Figure A4.6 Linear least squares determinations of mantle source 130,131,134,136Xe/132Xe 
(bold open symbols) for KN162-7 22-14. 
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Figure A4.7 Linear least squares determinations of mantle source 130,131,134,136Xe/132Xe 
(bold open symbols) for AG22 9-2. 
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Figure A4.8 Linear least squares determinations of mantle source 130,131,134,136Xe/132Xe 
(bold open symbols) for AG22 13-1. 
 
 
 236
 
 
Figure A4.9 Pie charts illustrating the median proportions of present-day mantle 132Xe 
derived from recycled atmosphere, AVCC initial mantle, U-fission and Pu-fission in 
SWIR Western and Eastern Orthogonal Supersegment mantle sources. Results for 
Equatorial Atlantic depleted MORB (Tucker et al., 2012), Rochambeau Rift (Pető et al., 
2013) and Iceland (Mukhopadhyay, 2012) are shown for comparison. Recycled 
atmospheric Xe uniformly dominates the mantle Xe budget (percentages given in white). 
Fission Xe in the mantle sources of plume-influenced basalts is primarily derived from 
Pu-fission. 
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Figure A4.10 Pie charts illustrating the median proportions of present-day mantle 132Xe 
derived from recycled atmosphere, U-Xe initial mantle, U-fission and Pu-fission in SWIR 
Western and Eastern Orthogonal Supersegment mantle sources. Results for Equatorial 
Atlantic depleted MORB (Tucker et al., 2012), Rochambeau Rift (Pető et al., 2013) and 
Iceland (Mukhopadhyay, 2012) are shown for comparison. Recycled atmospheric Xe 
uniformly dominates the mantle Xe budget (percentages given in white). Fission Xe in 
the mantle sources of plume-influenced basalts is primarily derived from Pu-fission. 
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Table A4.1 Southwest Indian Ridge 16-25°E fission Xe isotopic compositions 
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Table A4.1 (continued) Southwest Indian Ridge 16-25°E fission Xe isotopic 
compositions 
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Table A4.1 (continued) Southwest Indian Ridge 16-25°E fission Xe isotopic 
compositions 
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Table A4.1 (continued) Southwest Indian Ridge 16-25°E fission Xe isotopic 
compositions 
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Table A4.1 (continued) Southwest Indian Ridge 16-25°E fission Xe isotopic 
compositions 
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Table A4.1 (continued) Southwest Indian Ridge 16-25°E fission Xe isotopic 
compositions 
 
 
